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PREFACE 


The second edition of the first volume of this Course in Astro- 
physics and Stellar Astronomy was published in 1951. Written 
mainly by the staff of the Pulkovo Observatory, it dealt with methods and 
instruments used in astrophysical work. According to the original plan, 
the second volume was to follow soon after that, presenting the results of 
planetary and stellar observations, their interpretation, and a discussion 
of the structure of star systems. The Editorial Board, however, met 
with certain difficulties in their efforts to find authors for the different 
chapters. The material moreover proved to be too extensive for one 
volume, and it therefore had to be divided into two volumes, one dealing 
with the star universe, and the other with the planetary system. All this 
led to a considerable delay in publication, and it was 1962 before the 
second volume of the Course, dealing with stars and stellar systems, 
could be delivered to the printers. Although logically the second volutne 
of the Course should have been devoted to the solar system, it was our 
intention to avoid further delay in fixing the present publication schedule. 
The change in the natural order of volumes may yet prove of some advan- 
tage, since our knowledge of the planetary system, the Moon in particular, 
is rapidly expanding and it is hoped that the latest findings of planetary 
research will be incorporated in Volume III.* 


® (Volume III of this Course was published in Russian in 1964 and translated into English under the title 
Ph ysics of the Solar System in 1966 by Israel Program for Scientific Translations, 
NASA TT F-342, TT 66-51022, IPST Cat. No. 1526.] 
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Part One 


ABSOLUTE STELLAR MAGNITUDES 
AND STELLAR MASSES 


O.A,. MEL’NIKOV 


Chapter I 
ABSOLUTE STELLAR MAGNITUDES 


§1. Introduction. Brightness and color of stars. Stars appear as bright 
points to the eye. The absolute brightness (or absolute lumi- 
nance) of a star (£) is defined as the illuminance produced by the star on 
unit surface perpendicular to the light rays at a standard distance of 
10 parsecs (see Vol.I, pp. 346—349). In accordance with the relation 

= —-2.5 lg £+ const, the absolute magnitude (M) of a star is defined 
as the apparent magnitude at a standard distance of 10 parsecs (in the 
absence of light absorption), which corresponds to a parallax of 0.1. 

Some very bright early-type B stars in the Galaxy and the large 
Magellanic Cloud are known to have absolute magnitudes reaching —9"™.5. 

At the other extreme of the brightness scale, we find late-type stars with 
absolute magnitudes of up to +19".0. Since My. = 4".73, the stars at the 
two extreme ends of the scale are respectively 500,000 brighter and dimmer 
than the Sun (in terms of absolute brightness or luminosity, i.e., the total 
radiation from the entire surface), The Sun generates radiant energy at a 
power of 2erg/sec per 1g of its mass. The brightest stars, on the other 
hand, radiate thousands of times as much, whereas the radiation of the 
dimmest stars is three orders of magnitude less powerful than that of the 
Sun; note that the mass differences are only one order of magnitude. Hence 
it follows that the life expectancy of the bright stars is relatively small 

(105 —10® years), and that of the faint stars large (10®—10!? years), 

We gave the extreme limits of the absolute stellar magnitudes. The 
commonly observed stars have absolute visual magnitudes of approximately 
between —6” and +10” or even +15” (white dwarfs), The difference in 
stellar magnitudes equal to -6"-15™= —21" corresponds to a luminosity 
ratio of 250,000,000:1! 

The so-called supernovae — a special type of erupting non-stationery 
stars — may reach even higher luminosities, though only at the maximum. 
For example, the supernova which erupted in 1955 in the spiral galaxy 
NGC 23 had an absolute visual magnitude of —-18".0 and was only a few 
stellar magnitudes weaker than the integrated absolute magnitude of the 
entire galaxy, which probably contains billions of average Sun-type stars. 

Direct observations only give the apparent stellar magnitude 
m. The absolute magnitude of a star can be calculated from the apparent 
magnitude if we know the distance of the star ror its parallax p.* Unfor- 
tunately, the apparent magnitude is further reduced by interstellar 


® The absolute magnitude can also be found approximately from the observed spectrum (see below). 
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absorption (so that the algebraic value of m comes out too high). In the 
following we assume for simplicity that the appropriate absorption corrections 
have been introduced into the relevant figures. Let a star of radius A emit 
in the spectral region of wavelength 4(cm) an energy flux J, (6)per unit 
surface area (cm?) in unit solid angle (sterad) in unit time (sec) in unit 
spectral interval (AA= lcm). This energy flux is called the specific 
Spectral intensity or simply the intensity in the direction 9 
to the normal (the radius); its dimensions are clearly erg/sec. cm?- 
-sterad. The total radiation emitted from unit surface area into the 
observer's hemisphere (the radiation flux) is given (for AA= 1 cm) 
by 

an 

| 41(6)cos6sin@d8dp erg/sec- cm”, (1) 
6=0 9=0 


nl | 


H,= J,,cos 8dw = 


Let j, be the intensity averaged over the star's disk: 


=2 \ J, (6) cos@sin 8d. (2) 


ow hla 


Since the projection of a surface element of the star onto the disk is 
R*cosOsin6d0dp, we have 


2x 


nReh, = ( \ I, (8) A? cos @ sin 8 d8 dg. (3) 
) 


Comparison of (1) and (3) gives for the radiation flux in unit spectral 
interval (AJ = 1 cm) 


H,=nl, erg/sec. cm? (or W/cm?), (4) 


The radiation flux in a spectral interval from A to’+da, i.e., a wavelength 
interval of di, is naturally equal to 


H,di=nl,da erg/sec- cm?” (or W/cm’), (5) 
The monochromatic energy flux radiated every second by the entire surface 
of the star in all directions in a unit wavelength interval AX= 1cm is 
L, = 4nR?H, erg/sec (or watt). The energy flux in a spectral interval dais 
Lyd) = 4nR?. Hy di = 4nR*-nI, di erg/sec (or W). (6) 
LI, is the monochromatic luminosity of the star in a spectral 


interval AA= 1cm. In practice, we are of course concerned not with the 
theoretical luminosity L, but with the luminosity /,,,,, which is defined for 
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a blackbody source by an integral of the form 
ry Aa 
Ea, Ag = 4nR? Va. (T) di = 4nR? 
AL Ay 
we 4n RB? (nC, (e%2/40T — 1)*-A55 (A, —A,)]- (7) 


WP GelkT 


In calculating ZL, we took AA= 11cm. In visual and photographic observa- 
tions A, — A, is approximately equal to 3-1075cm and 2.05-10-5cm, 
respectively, i.e., relatively small, and we may thus take J, (T) to be 
constant in this interval, corresponding to its value for some 4, near the 
midpoint of the interval (A, — A,}. The integration limits, or the interval 
(A, — 4,), determine the photometric system of luminosities, For 4,~4000 4, 
4,%7000A, we obtain the visual Z,; for 4,= 29504, 1,= 50004 the photo- 
graphic L,,, and for a,= 0, A, = ~ the bolometric luminosity £,. The 
absolute stellar magnitudes are correspondingly defined as M= -2.5lg L+ 
+ const. In practice the situation is further complicated by the fact that the 
detector response, even for a blackbody source, is not proportional to 


L~\y (T) dX} but actually to ~{ J, (T)s (a) dA, where the function s (A)is a 


BM 0 
product of at least three unknown functions (see below). At this stage, 
however, we will use theoretical luminosities only. The function 


oc 


L=L,= \ L,di erg/sec (or W) (8) 
0 


is called the integrated (over the spectrum), total, or else bolo- 
metric luminosity of astar. For the Sun, e.g., 


Ly,q = 3.840- 10% erg/sec = 3.840-10" Ww. 
The illuminance produced by a star distant r pc (parsecs) from the Earth 


on a Surface element perpendicular to the energy flux just outside the 
Earth's atmosphere is (for AA= 1cm) 


Ly R2 
a= 4nr3 3 


Hy= a ni, erg/sec- pc? or W/pc?. (9) 


This quantity is otherwise known as the surface brightness. Ifthe 
same star is assumed to be at a standard distance r= 10pc, the absolute 
surface brightness in the same units is given by 


Ly Rt (nc?) R\2 = 
Ex = Gado ~ 40 Hi= (45) nly. (10) 


e, and £, were computed for a unit wavelength interval AA= lcm. Their 
ratio can be written in the form 


£, r ae, o".1 \? 

he CL) he Gre ke (11) 
Here pis the stellar parallax in seconds of arc, corresponding to a distance 
rpc, and 0".1 is the parallax corresponding to a distance of lO0pc. Let the 
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illuminance £, correspond to absolute stellar magnitude M,, and e to the 
apparent magnitude m. Then from Pogson's formula we get 


Ey 4 farm, —0.4(My—m 
ara rst) a si (12) 
Comparing (11) and (12) and taking the logarithm, we obtain 
ig -* = 2lgr—2— —2—2lg p= —0.4(My—m). (13) 


Hence 
My=m+5—S5ler=m+5+5lgp. (14) 
This is a well known relation often used in stellar astronomy. It relates 


the absolute and the apparent stellar magnitudes through the distance or 


the parallax (see Vol.JI, p. 349), 
By (6) and (10), we write for the absolute stellar magnitude 


M), = const — 2.5 lg E, =const — 5lg R — 2.5 lg H, =const —5lg R—2.5lga-J,. (15) 


For two wavelengths i, and 4, we have 


My, =c,,—-SlgR—2.5lgn-Jy,, 


Es 16 
My, =, —SigR— 2.5lgn-/y,. ts) 
Here c,, and c, are the appropriate constants. 
We form the difference 
Mi, — Mig = —2.51g 0 (7, — Tra) + (Cay — C2): (17) 


This difference is called the color index or simply the color of the star. 
The wavelengths 4, and a, determine, in particular, the system of stellar 
magnitudes, colors, etc. 

If a star emits as a blackbody of temperature 7, we have Sa, (T)=h, =hh,. 
According to Planck's equation, the blackbody radiation from a unit surface 
area* in a wavelength interval AA= 1cm is 


C2 74 
he? -aF “aT 
A(T) = FS —_ ot = =e *7(4~e *iT)t erg/sec-cm?- sterad. (18) 
t — i - t 
AaT 4T 


et —1 et —14 
The constants C, and c, have the following values: 
1= 2he?= 1,191-10°5 erg: cm?/sec- sterad = 1.191-10 '? W-cm?/sterad 
and 
he 
= = = 1,4385cm. deg, 


the dimensions of Jy, (T) are the same as of /, (erg/sec- cm? or W/cm’), 
Since in our case they were computed for aunit wavelengthinterval 4A= 11cm, 


* nJ,,(7) is called the blackbody flux density, the blackbody radiation intensity or 
the blackbody luminosity (see Vol.1, p.451), 
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Inserting (18) in (15), we get 


My=e,—5lg R425 lge-5% —2.5lg(1—e i) 


=e,—5lgR+1.086. fet+mac,—5igR4+* oe OO ot (19) 


The last term in the right hand side (z,) is zero if Wien's approximation is 
applicable to Planck's equation, i.e., if e *F¢1, or alternatively T >3000°, 
a >3000 A (for G <1 the Rayleigh—Jeans law is applicable to the radiation). 


In general, however, 2, is never large. For = = 5,4,3,2, andl, m= 
= 0.01, 0.03, 0.07, 0.19, and 0.55. For a= ae and 7.1078 = 4,6,8, 


e\cl 
10,15, 20, (1. #) takes the values 1.001, 1.009, 1.029, 1.061, 1.174, 
and 1,315. Inthe Harvard photometric system, ‘A, =A,, = 4,= 4250 A and 
Ay = Avis = A, = 5290 4 for photographic and visual radiation, respectively. 
Using these values, we obtain from (19) 


M,=c,—5igh +270 2, a6) 
M,=c,—SigR+ 94 z,, 
Hence for the color index 
Cl =C=M,—M,=m,—m,=c,—¢, +2 + (2, —2,). (21) 


The commonly used color system* has C= 0, i.e., M, = M,for the AO stars 
with color temperature 7'(A0) = 15,000%. Therefore in this system 


(cp —¢) = — aw — (z, — 2) = — 0.48 — 0.07 = — 0.55. Thus 


C=M,—M,=m,- m=2%_ 0.55. (22) 
The color C varies from - 0.3 to +2”.0 for the hottest and the coldest 
stars, respectively. 

Since the energy distribution in a star's spectrum, and hence the 
magnitudes M,, M,, are determined by the color temperature, and not the 
effective temperature, we use in (22) 7= 7,, and not T= 7,. 

The color temperature is 15,000° and higher for the white-blue stars 
and 3000° or less for the dark-red stars. Since c, = c,+ 0".55, we may 
write 

M, = = My 58 7 SOT a, 


29 = (23) 


M,=M,+0.55—5lg Bot + Zy. 


© In photometric systems the zero point of photographic and visual magnitudes is selected as follows: 
within the range of apparent visual stellar magnitudes ™,= 5™5—6™, 5, the mean Harvard photographic 
magnitudes of stars of Harvard spectral cass AQ coincide with the mean Harvard visual magnitudes of 
stars of the same class AO, i.e., the color index is C(A0) = mpgt-m,= 0. This technique for zero point 
determination, however, !s now considered inadequate. 
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The common constant M, can be determined in reference to the Sun. For 
the Sun m,= —26".84 (G. Kuiper) and the mean distance 


r= 1.495-108 em = ARI ho = 4.844-10 pe. 


Hence 
My (©) = Meo = My (©) + 5—5 lgre(pe)= — 26.8445+4 26.57= +4".73. (24) 


By (23), taking 7T=6,000°K, we thus obtain 
M, =4".73 = M,+0.55 + 4.92 —0.01 = M,-+ 5.46. (25) 


Hence, M,= —0".73 and (M@,+ 0.55) = — 0".18. Therefore (23) is rewritten 
in the form 


M,=—0.73—5ig # +2Mi sg, 

29 500 (26) 
M,= — 0.18 —5 Ig =—4+ FT Lp. 

O} 


In our preceding calculations we used Kuiper's magnitude m, (©) = 
= —26™,84 obtained in 1938. Many new determinations have been published 
since then. The most exact determination, followed by a comprehensive 
discussion, was carried out by Martynov in 1959, In the color Vof the 
U, B, V system he obtained for the isophotic line A= 0.55u, m,(@©) = -26".80, 
i.e., virtually the same magnitude as that usedinour calculations. Martynov 
also determined the stellar magnitude equivalent of 1 meter-candle (inter- 
national lux) outside the atmosphere, which was found to be —13”,78. 

From the above equations, we can derive an approximate estimate for 
the stellar diameter (radius). Indeed, from the definition of the parallax p’ 
and the angular diameter D* we have 


aim tL ae 
a » D 1 2R_y Ro __, ®o __ Ro 
ae gk a a oP a ar (27) 
Rp 2h 
Here Tip 7 107 (1 astronomical unit expressed in solar diameters). Hence, 
Ig D” = Ig p" + ea — 2.029. (28) 
Using (14) and (26) for u,, we find 
Ig p= lg p” = —0.200m, — Ig + 2 _ 1.036 + 0.200z,. (29) 
fo) 


Finally, by (28) and (29) we obtain the approximate equality 
lg Dt = —0.200m, + 220° _ 3.070 + 0.200z,. (30) 


This relation is used in approximate calculation of stellar diameters and 
radii. 


§2. THE BOLOMETRIC CORRECTION 


§2,. The bolometric correction. The so-called bolometric correc- 
tion is a quantity of considerable significance in astrophysics. It is equal 
to the difference between the visual M, and the bolometric M, absolute (or 
apparent) stellar magnitudes: 


AM,=M,—M,=Am,=m,—m,=—B. (31) 


Initially this correction was computed for a blackbody and the zero point 
was defined as the minimum of the AM,(T) curve around 6800°K, where zero 
bolometric correction was assumed. The integrated~light flux emitted 

into the observer's hemisphere from unit surface area of a blackbody source 
is 


H=nl=nx ( Tak =oT* (erg/sec: cm? or W/cm’). (32) 
0 


The integrated flux from the entire surface of the star — its bolometric 
luminosity — is therefore given by 


L, = 4nR°H = 4nR'nl =4nR*oT* (erg/sec or W). (33) 
The absolute bolometric stellar magnitude (using the zero minimum of 
M,—M,at T =~6800°K) is equal to 
R R 
M,=c,—5le—-—— 10lgT=M,+ 43.18—51 — 10]gT. 34 
b—& g Ro 4 o ae g (34) 
By (23) and (34) 


29 500 


7 + 101g 7'+2,. (35) 


AM, = M,—M, = M,+0".55 —c, + 


Since in the minimum at T = 6800°K, we have AM, = 0, the constant can be 
found. Finally we obtain for the bolometric correction (sometimes 
designated B.C. = — AM,) 


—B.C.=AM,=M, — M, =m, — my = — 42.634 10lgT+ 2242, (36) 


The'bolometric correction enables us to determine the bolometric 
(integrated) magnitude of a star from its visual magnitude. This is parti- 
cularly important as the bolometric magnitude cannot be determined 
directly from observations, This is associated with the inaccessibility of 
the far infrared and of the wavelengths shorter than 0.295u to observations 
(these wavelengths are absorbed in the Earth's atmosphere). The Sun is 
the only star for which these wavelengths are accessible, using special 
instruments from balloons, rockets, and artificial Earth satellites. 

A plot of the bolometric correction is shown in Figure 1. For the Sun 
at To ~ 5780°K, for example, AM,= +07.07, and therefore M, =M,—AM, = 
= +47,73—0".07 = +47.66. By (22), for To ~5780°K, the color C,_,34+0".69 
and therefore for the Sun M, = M,+ Cp), = +5”.42. For anormal star, the 
Hertzsprung— Russell diagram (HR diagram) gives for M,= +4™.60 a color 
index C,_,* +0".65, which corresponds to the dGO spectrum. * 


° According to the latest data the spectral class of the Sun in the MK system (see below) is G2V, 
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Note that the Fraunhofer spectrum of the Sun is substantially variable 
over the disk; it corresponds to G1, G4, G9p, and KOp for sin @= 0, 0.75, 
0.945, and 0.985, respectively (W. Morgan, 
Ph. Keenan, 1939), 

For late-type stars the bolometric 
corrections may be approximately derived 
from observations, since the main (in terms 
of energy) region of the continuum is situated 
in a region which is accessible to bolometers, 
radiometers, and other thermal detectors. 
The situation becomes more complicated for 
early-type stars, where a substantial fraction 
of energy is radiated in the inaccessible 
ultraviolet. In this case the correction is 
computed from (36). This approach, how- 
ever, is again unreliable, since the energy 
distribution in the continuum departs from 
the blackbody spectrum. More exact results are obtained in theoretical 
astrophysics by computing the energy distribution in the continuum for a 
certain model of the atmosphere at a given temperature. 

We will return to this problem at a later stage, as it has direct bearing 
on the question of the scale of effective stellar temperatures. The main 
difficulty is that the observations give the magnitudes M, and m, which are 
not monochromatic. The rare exceptions are only those cases when the 
magnitudes are determined from continuous spectra obtained with prism 
cameras or slitless spectrographs. 

§3. Average, effective, and isophotic wavelengths and their calculation. 
In practice we are generally dealing with heterochromatic, many-colored 
stellar magnitudes. This is so because the light detector responding to the 
incident luminous flux from the star has a response characteristic which 
theoretically extends from the shortest to the longest wavelengths; in 
practice the response band is finite, ranging between some wavelengths A, 
and A,, with a peak near some intermediate wavelength. Moreover, the 
luminous flux of the star is attenuated 1) in the Earth's atmosphere, 2) by 
absorption and reflection losses in the telescope optics, 3) by absorption 
in light filters, etc. This problem was discussed in some detail in Vol. I 
of this Course. If ® is the diameter of the telescope objective, then by (9) 
the detected intensity, i.e., the radiation flux measured by the detector 
response, is 


F000 5000 0000 15000 20000". 
7 


>» 


i~ 2 (egs(apan~ 2 (Krys(yaa~ (R(r)sayda~ VT (rys(ayaa. (37) 
0 i) 8 a 


Here 7, is a function which describes the energy distribution in the star's 
continuum, and s(A)is a function which is a product of all the normalized 
functions describing the instrumental response and other factors (extinction 
of light in the atmosphere, in the telescope, etc.). Hence, ie s (A) is the 
fraction of the initial light flux penetrating through the Earth's atmosphere, 
the telescope optics, and the rest of the equipment to be picked up by the 
detector. 


§3. AVERAGE, EFFECTIVE, AND ISOPHOTIC WAVELENGTHS 


There is an obvious uncertainty in the measurement of i and thus in the 
determination of M= —2.5 lg i + const in the sense that we do not know to 
what spectral region they actually correspond (and do not know what wave- 
lengths to insert in the-above relations). We should choose some conditional 
wavelength so that the actual measured heterochromatic illuminance from 
the star, its apparent stellar magnitude, etc., coincide withthe theoretically 
calculated monochromatic magnitudes at that wavelength. Approximate 
methods are generally applied to determine one of the following three wave- 
lengths: 

1) the weighted average wavelength of the system (for J,(T)= const, i.e., 
for uniform energy distribution in the spectrum) 

ay Ag 
Qar(T)sQ) dr [As (Aydd 
a 


es Eee. ees 

h= 5 i i (38) 
§ 4, (7) s (A) ah [ s(Ayda 
ay AL 


here, as in the following, the integration is mathematically carried out 
from 0 to wo, whereas in practice the integration limits are A, anda,, since 
outside the interval (A,—A,), s(A)= 0; 
2) the effective weighted average wavelength* 
ay 
{ KT, (T)s (4) dd 
< ny 
A= =a (39) 
( T,(T) s(h) da 
a, 


3) the isophotic wavelength 4,. The latter is defined in different ways 
(see, e.g., Woolley and Stibbs, 1953). In particular, from the equation 


for blackbody radiation J,, (7) of color temperature T = T,, 
A, a, 
In (Te)=+ ( J,,(T.) (0) dh=const x ( Jy (T.)s (h) dh. (40) 
Ay My 


Here 4 is a constant; taking numerical values for this constant, we obtain 
a family of 4, values. 

To avoid ambiguity the constant - can be defined (Seares, Joyner 1943) 
by the equation 


{ Sy (Pe) s (A) da 

In, (P= Iq, (Fo) s————- (41) 
§ J, (To) s (A) ad 
0 


Jn (To) =[Ja(To)lmax» i-e., this function has a maximum at the weighted average 
or effective wavelength 4, = Aga, =4,, corresponding to the temperature 
0.2897 __ 0.2897 __ 0.2897 


Tom Yep ~"hmex am” 


© Note that in the literature the wavelength A is often denoted by 4,, and called the effective wavelength, 
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Clearly, for T=T, = T, we find 4; =4z =Amax =4,- Ag iS generally so 
chosen that it corresponds to the Tf, for AO stars. The isophotic wavelengths 
are of great significance in astrophysics. Already their name indicates 
that the averaging of brightnesses — stellar magnitudes — over wavelengths, 
using the function s (4), gives a heterochromatic m which coincides with the 
calculated monochromatic m,. The concept of 4; was introduced by A. Brill 
in 1929. In the particular case when the energy distribution in the con- 
tinuum is a linear function in the relevant wavelength region 1,(T) = 
=a+tb(s—%,), A» being some wavelength in the interval (A, — 4,), we get 
de 
§ As(A)da 
hy hyo = = (42!) 
iy s(A )dr 
Ay 
and e=J,; (7). 

The isophotic wavelength is sometimes defined in terms of stellar 
magnitudes. Let m be the integrated stellar magnitude in a particular 
photometric system, m, the monochromatic magnitude, and m, the mono- 
chromatic magnitude at the isophotic wavelength. Then 

oe wo 
4070-4 (m—const) __ \ 107°" s(x) dh = 10704, ( s(A) dA. (42"') 


0 (0) 


The problem of determining various wavelengths of photometric and 
colorimetric systems reduces to the following: first we find the particular 
wavelength of the entire system which, if used to calculate m, Mi, Ci, 4, 
etc., from the above expressions, gives the same results as the averaged 
values (calculated making use of the function s (A)). In these calculations 
one should naturally consider the energy distribution in the continuum and 
the extinction of light in the Earth's atmosphere. 

The calculation of various working wavelengths for a given system of 
magnitudes and colors is of the greatest importance, and we will now 
consider it in some detail. Jn our discussion we will follow the treatment 
of Seares and Joyner (1943). Planck's equation for the outgoing radiation 
flux (in the observer's hemisphere) in a wavelength interval AA= 1cm is 
conveniently written in the form 


Hy =0),(T)=nt = (erg/sec- cm? or W/cm*). (43) 
eT _4 


Substituting z,=42 , we obtain for a wavelength interval AA= 1 cm (i.e., 
3 


An==. lcm) 


Hy = a5, (T) = 0p 787 =1c,7%y, (erg/sec- cm* or W/cm?). (44) 
et—{ 


The constants, as before, are 
C, = 2he? = 1.191.107? W. cm?/sterad, 
c= = 1.4385 cm- g, 
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cy = Oh = = 2, = 1.933.107? W/m. g5. sterad. 


We see that the expression reduces to a product of two functions, 7&and 

n= = ~—, The latter function, which is independent of experimental con- 
et_4 

stants, is graphically shown in Figure 2. Its maximum (y,)is numerically 


equal to 20.202 for z,,= 0.20141 ( j= 4.9651). Making another substitution 


gotta and y=, we obtain for 4,7=c2, = 0.2897 ina wavelength inter- 
tm Am Ym 
val A\= lem (i.e., forAr=44—1emF ___temT __) 


Zm Colm 0.2897 cm - g 
Hy = nJ, (T) = 00,1 yy, = 1CgT Sy = 1.287-10 Pty (erg/sec - cm? or W/cm’), 


Here c,y,=¢,= 4,099-107!2 and 


y 1 zy z as _z z 
y= = =: =m z ‘ (45) 


a 
Also ~— =: 
y 


™m 


FIGURE 2 


Figure 3 plots the function y = f (z) according to Waldmeier (1948). It is 
normalized and its maximum therefore corresponds to the coordinates y=1, 
x= 1, For ablackbody source, the visual region, i.e., A= (3.8—7.6).10°>5em, 
corresponds at 7= 20,000°K to z= 2.63—5.26, These abscissas are 
marked on top by letters B and C, and are joined by straight lines with the 
origin. The values of zfor the same visual spectrum but blackbody radia- 
tion temperatures 7 < 20,000°K are determined by the intersection of the 
lines OB, OC with the ordinates 7/20,000. The cross-hatched rectangles 
in the figure correspond to T= 2000°, 6000°, 15,000°K for 4= (3.8—7.6)- 
-10°5em, respectively. The third line OA corresponds to the wavelength 
4 = 3-1075em (3000 Rj and limits in the left part of the figure the region 
which is inaccessible to earthbound spectroscopic observations due to 
atmospheric extinction. 


il 
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FIGURE 3 


Table 1 lists the values of the function yfor various temperatures and 
wavelengths, The table is based on the old value of the constant 4, T= 
= 0.2886, which corresponds to c,= 1.433. The new value, 0.2897, used 


in the preceding corresponds to ¢,= 1.4385cem.-g. 


TABLE 1 
TK 
3000 | 3500 | 4000 | 5000 | 6000 | 7000 | 9000 | 11000] 13700] 17000] 22000 
a(cm)-104 

0.30 0.0059/0.0263/0.0743/0. 2667/0. 5263)/0. 7608/0 . re 0. ee 7688)0 .5308/0.2919 
31 .0088} .0347) .0928) .3083) .5776) .8046) .9969) .9380| .7333| .4963| .2682 
32 .0415} .0448} .1135} .3510} .6269] .8440}] .9999 "9443 -6984} .4639] .2466 
33 .0155} .0566) .1367) .3946) .6740| .8787| .9982| .6885| .6637| .4340| .2274 
34 .0204) .0702} .1619) .4390) .7185! .9086) .9922] .8615) .6303] -4056} .2094 
35 .0264) .0856, .1895| .4831| .7598| .9340] .9825] .8335/ .5980| .3788) .1934 
36 .0335] .1029/ .2188) .5268] .7977] .9549} .9697] .8049] .5672) .3544) .1783 
37 .0448| .1220| .2496| .5696} .8323| .9743] .9548| .7760] .5376] .3316; .4647 
38 .0514{ .1429/ .2818/ .6112/ .8636) .9&36] .9376] .7473] .5095/ .3104] .1526 
39 .0623| .1654| .3152/ .6513) .8914] .9923) .94182! .7188) .4826] .2906; .1416 
40 .0746] .1895| .3495) .6896/ .9157) .9977| .8976} .6905} .4569) .2722} .1315 
41 .0883| .2154| .3845] 7260] .9367] .9999] .8760] .6629) .4327} .2551] .1222 
42 .1032} .2419] .4197] .7602) .9544) .9992) .5838} .6359] .4104| .2392! .4135 
43 .1195] .2697) .4551} .792{] .9688] .9957) .8308] .6098) .3883} .2246) .1056 
44 .1372} .2985] .4903) .8247} .9802) .9898] .8075) .5844| .3678, .2114) .0985 
45 .1560} .3282) .5253}) .8489] .9889/ .9817) .7839] .5597) .3482; .1982} .0919 
46 .1765| .3584) .5596) .8737) .9950| .9719) .7604) .536%| .3301| .1863) .0858 
47 .1973/ .3890} .5933] .8961/ .9986/ .9608} .7370) .5134/ .3132/ .1753/ .0801 
48 .2495) .4498) .6257| .9161! .9999, .9483| .7139] .4915] .2969] .1650] .0750 
49 .2425{ .4508] .6576/ .9337/ .9992; .9343] .6909/ .4705; .28t7/ .1556/ .0702 
50 .2663| .4818| .6881| .9491) .9965| .9194| .6680; .4502] .2672] .1469] .0658 
54 .2908} .5125} .7174) .9622) .9919! .9032/ .6457| .4309} .2537| .1385) .0618 
52 .3160| .5427| .7452) .9730} .9857) .8867] .6241) .4123] .2410/ .1307; .0580 
53 .3417| .5724/ .7714] .9819) .9780] .8696] .60314/ .3948} .2298) .1235) .0545 
54 , 3678] .6045| .7968] .9§90} .9692) .8524] .5827) .3779) .2175} .1168) .0513 
55 .3941| .6301) .8204] .9943) .9595}) .8342) .5628) .3618) .2068) .1104) .0483 
56 .4206) .6579} .8424) .9979} .9488] .8164) .5432) .3465) .1968) .1044] .0455 
57 .4472] .6847} .8629) .9997) .9369) .7978) .5242) .3317) .1873| .0989] .0429 
.58 .4737| .7105] .8818} .9999] .9241] .7794} 15059] .3178} .1784} .0937] .0405 
39 .5001} .5353) .8993| .9988| .9107) .7611! .4881) 3046] .1695| .0889) .0383 
0.60 0. 5263/0. 7590/0. 9151/0. 9963/0. 8969/0. 742910.471010. 2916/0. 1615/0. 0843/0 .0363 


Note that since 
MW mex (T) = WS, (T) =H max (T) = 20,73, 
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§3, AVERAGE, EFFECTIVE, AND ISOPHOTIC WAVELENGTHS 


the transformed and normalized Planck's function has the form 


Hy In meee 25 
Haas Jane sy=i() = % =C, er (46) 
e714 et —14 


The normalized Planck's function thus coincides with the nondimensional 
function y presented in Figure 3 and Table 1. It does not depend explicitly 
on temperature, avery convenient feature for tabulation. 

Let us now return to our fundamental problem. 

If the star is a blackbody source of temperature 7, the measured energy 
can be written in the form (we take s (A) = s) 


i=’ ( ys dk or m* =—2.5lgi= —2.5IgT" [ ys da. (47) 


(Here dz is replaced withd\, since z~A). For two wavelengths, photo- 
graphic and visual, we have the color index 


Cov = —2.51g | s,yda+2.51g \ sy dh. (48) 
The integrated magnitudes m, and m, can be characterized in terms of the 


effective weighted average wavelengths (equation (39)) 


= Aysp di = d 
Np =e. pay Oe Ra al ied : 5; as ee 
§ yspqa § ysy ah 


(49) 
In practice integration is replaced by summation ( Says, instead of [ dys, ah, 


etc.). If the total and the observed energy i, and i, are expressed in terms 
of the blackbody monochromatic energy at 4, and i,, 


ip=kynl,(T), tp=ky-aJ, (PF), (50) 
we establish a relation between the average wavelengths, on the one hand, 


and C,-, and Ton the other. Here & are coefficients introduced to ensure 
proper matching in equations. 


Since aJ, (T) = T’y (equation (49)) and i = T'\ ys di (equation (47)), we may 


write 


(51) 


The temperature enters implicitly (throughy) the colorC,_,, the weighted 
average wavelength a,, and the coefficientk. However, the variation ofk 
with temperature is slow and in general insignificant. Nevertheless, this 
variation is in practice highly undesirable and it is avoided by changing over 
to the Brill's isophotic wavelength 4,(1929) and appropriately modifying 

the weighted average wavelength of the system Ay. We may thus write 


ky, = \ ys (A) da, (52) 


* Note that in practice the apparent stellar magnitudes are used on the scale of ¢,, with the Zero point cy. 
Thus m=—c,,lgit+e 9. For the usual Pogson scale ¢,,= 2.5 (although a better choice is em = In 10 = 
= 2.303). In our case, the zero point is chosen so that co= 0. 
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Ch.I. ABSOLUTE STELLAR MAGNITUDES 


Here k is independent of Tf: it depends on s(y) only; y; is selected from 
Table 1 for the isophotic wavelength 4,. 

The maximum value of the normalized function y; is 1. We see from 
Table 1 that in the working spectrum it is reached at temperatures 
5000—10,000°K. Then 


k= [J ysayaa|™™=[[ ys(ayaan]., (53) 
and therefore in general 


_ [ys @ aa] 
¥i= [hua a], . (54) 


Equation (54) enables us to compute y, for various 7 and hence to deter- 
mine the isophotic wavelengths of the photometric or the colorimetric 
system. 

Eqs. (44) and (47) give 


Ji(T) _ i() 
4i (Lo) § (To) ’ 
J.(T i(T « ’ 
— 2.5 1g FE = — 2.5 lg 7) = mj (T)— mj (29) =m (T) —m (7). (55) 


Here m; are the stellar magnitudes computed for the isophotic wavelength i,, 
and m are the apparent stellar magnitudes. 
By (55) we have 


m; (LT) =m (T) + [m; (To) — m (T,)] =m (T) + const. (56) 


This result can be formulated as follows: at any blackbody temperature the 
monochromatic stellar magnitude for isophotic wavelength i, is equal to the 


integrated stellar magnitude (-2.5 lg 7’ \ys (4) dA) of the blackbody source at 


the same temperature plus a temperature-independent constant, since 
T, = const and y,(7,)= 1 for the given system. 

We can now write the expression for the color index, i.e., the difference 
between the stellar magnitudes at two isophotic wavelengths of the photo- 
metric system. For example, for the p, v system with isophotic wave- 
lengths 4,, and A,,, we have 


Coo = —2.5lgyip+ 2-5lg yi, + const. (57) 


This equation follows from (48) remembering that 4 is constant. Using 
Table 1 and Eq. (56), Seares and Joyner (1943) calculated the A; in the 
international JPg, [Pu system of photographic and photovisual magnitudes. 
The results are listed in Table 2 for color temperatures from 30,000 to 
3000 °K. 

TABLE 2 


Tok 11000 


30000 } 22000) 17000 | 13700 


9000 | 


dep — | 4200 | 4210 | 4219 | 4231 | 4248 | 4270 {| 4296 | 4913 | 4355 | 4380 | 4411 
5424 | 5426 | 5427 | 5428 } 5434 | 5435 | 5439 | 5443 | 5445 | 5448 | 5459 


rep 4163 | 4182 | 4198 | 4216 | 4242 | 4272 | 4318 | 4351 | 4398 | 4465 | 4508 | 4559 
Kaw 5445 | 5418 | 5420 | 5423 | 5426 | 5430 | 5437 | 5442 | 5449 | 5460 | 5468 | 5478 
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§3, AVERAGE, EFFECTIVE, AND ISOPHOTIC WAVELENGTHS 


The international system of stellar magnitudes and its zero point are 
defined in terms of the North Polar Sequence stars with photovisual magni- 
tudes m,, = +2™.08—17".47 and photographic magnitudes up to m,,=+20%.18. 
The table lists for comparison the weighted average wavelengths (sometimes 
called effective by mistake). 

The variation of isophotic wavelengths with temperature is approximately 
half the variation of 4,(the weighted average wavelengths), which were pre- 
viously measured with crude objective diffraction gratings. Therefore 
4,=4, provide a more appropriate characteristic of the stellar radiation. 

If the color indices in a given colorimetric system are compared with 
the international system by means of the so-called color equation, 

Eq. (57) and Table 1 can be used to determine the 4, for this system. 

Unfortunately stars are not blackbody sources; in the best case the 
energy distribution in the continuum corresponds to the spectrum of a gray 
body. The outgoing radiation flux of a real star is therefore given by 


Hy =enJ,(T,). (58) 


Here the factor g characterizes the extent to which the particular star 
departs from a blackbody. In the case of an ideal gray body this factor is 
independent of both 7, and A. 

Just outside the Earth's atmosphere* we can in principle measure the 
"extra-atmospheric'’ monochromatic radiation (illuminance) 


9 Ra R2 
e, =H, = = ens, (TJ (59) 
and the visual stellar magnitude m, (or the photovisual m,,) is given by 
é 
my =m, — 2.5 lg} (60) 
ry 


or, using the factor s(A)(instrumental and atmospheric transmittance) 


m, =m, — 2.5 {ig | ex (2) dh —Ig ( hs (2) an}. (61) 
By Eq. (40), 
{ Ja (TZ) 8(2) dd =I, (7) 


where 


ee 5 J, (To) s (A) dh 
de (To) a 
f, 


We may thus write 


{ exs(X) dd = ard, (Te) Fe (62) 


Further, if 4, is close to 4g, then following Woolley and Stibbs (1953) we 
may write, as usual, 


Jy, (To) =J (hos Te) + (By — he) (“Sh (63) 
E 


© Otherwise, a correction for the atmospheric extinction of light has to be introduced. 


Ch. 1, ABSOLUTE STELLAR MAGNITUDES 
Making use of eqs. (60) and (61), we obtain 


nig — m= My — ms + 2.5 (A; — Ae) sled (A, T.)— 2.5 (Aj — he) 2 gs (a, T2). (64) 
Thus, if 4, is known, this equation can be used for direct conversion of the 
difference of observed stellar magnitudes in the international photovisual 
system to monochromatic stellar magnitudes. All systems of stellar 
magnitudes in photometry and colorimetry are differential systems, with 

a certain zero point. 

§4. Modern color systems. Interstellar absorption. We will briefly 
touch on this problem as it was not discussed in Vol.I of the Course and is 
significant for further treatment. 

The six-color (U,V, B.G, R, J) photoelectric colorimetric system of 
Stebbins and Whitford enjoyed considerable popularity in the 1940's. Three- 
and two-color photoelectric colorimetric systems were used on an even 
wider scale. These included the three-color (U, B, V) system of Morgan and 
Johnson,t the two-color m, C (or Pg,, Pv,, C, in the first approximation) 
system of Eggen, the two-color (R, /) system of Kron and Smith, the two- 
color system of Stebbins, Whitford, Johnson, and others. The latter, 
following Kron's suggestion (1951), was called the (P, V) system, since 
previously various photoelectric systems had received the same designation 
(Pg., C,), which led to inevitable confusion. This system is based on obser- 
vation of 9 stars of the North Polar Sequence (Nos. 6, 2r, 10, 4r, 13, 8r, 16, 
19,12r) and, as we see from Table 3, it is close to the international system 
(7Pg, [Pv or Pgin, Pomt, Cia’). This system was recommended at the Pasadena 
Conference (1950) for photoelectric work at the Lick, Washburn, and 
Mount Wilson and Palomer observatories. The other systems are therefore 
generally converted to this particular system, an additional index is intro- 
duced in this case. For example, the conversion of Eggen's m,C system 
gives the magnitudes Pz, Vz; and the color index(P —V)z. Comparison of 
the color indices (P — V); and (B — V) and subsequent conversion using the 
standard formula gives the color indices (P — V)g,;, etc. Generally, but not 
always (only for apparently bright near stars, whose brightness and color 
are not distorted by galactic absorption), the ''normal color'' systems are 
related by linear expressions with some dependence of the parameters on 
stellar luminosities (giants, dwarfs, etc.).. The Lick three-color system 
is P~/Pg,V=I Pu. lip~I (Kron, %.= 8250 A). 


TABLE 3 


© improved data of Seares and Joyner (ApJ, 101:15. 1948), 
** Values of Pg standards from Trans. JAU, 1:69. 1922 (the excess of the new values 


Cinq is equally divided between spg andsPv). 


t The stellar magnitude V is close to JP, but B is different from /P,. It is obtained with a blue filter 
which cuts off all radiation shortward of 3800A. 
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§ 4. COLOR SYSTEMS. INTERSTELLAR ABSORPTION 


Approximate data on the different systems are listed in Table 4. 


TABLE 4 
Six-color system, u |v _ B Nas SGX 92 : ara y 4 
=?, I;—const %=95304|4=4220A} 1=4880 A |X=5700A A=7190A} 5 15 agg 1k 
| 
Three-color system, U B V(color V—B, B—V) 
T=10000 °K 4,=3560 A 2,=4400 A 4,=5530 A 
Two-color system, _ m, Pge m, Puz=Pg—C (color, Cp) 
T=?, Ia=const e=4150 A Ae=5100 A 
Two-color system, ag oP V (color P—V) 
T=?, I,=const A=4015 A 4=5240 A 
International two-color IPg IPp 
ba ke=4240 A ke=5430 A 
T=11 000 °K Be ee 
Two-color system, = od _ & 
T=?, I,=const 4e=8250 A X_=6500 A 


It should be kept in mind that the effective wavelengths are defined diffe- 
rently in different cases.* For example, in the six-color system (U,V, B, 

G, R, 1) the weighted average wavelengths refer to a source of uniform 
brightness over the entire spectrum. They are thus different from the 
ordinary — average, effective, and isophotic — wavelengths, which incor- 
porate the energy distribution in the continuum, differential atmospheric 
extinction, losses in telescopic optics, detector response, etc. The values 
of 1 listed in the table for the six-color photometry apply to filter + detector 
combinations and therefore depend on the color index of the star. In photo- 
electric colorimetry this effect is generally negligible compared, say, to 
the same effect in photographic colorimetry. This is due, in particular, 

to the fact that in photoelectric observations the actual working region of the 
spectrum is mostly narrower than in photographic observations and the shift 
of the weighted average or effective wavelengths with temperature is corre- 
spondingly smaller. Thus, according to Seares and Joyner (1943), a change 
in temperature from 3000 to 30,000°K shifts the photographic effective wave- 
lengths of the International System in the short-wave direction by 396 A from 
4554 &,** At the same time, the photoelectric effective wavelength of 
Stebbins's system C,(4,;= 4190 A, 4,= 4760 A, C,=0.144+ 0.483 (B — V)) 
shifts by —228 A and -253 A from 4693 A and 4629 A, respectively, i.e., 
nearly half as much. 


* Recently, Mel'nikov obtained the following isophotic wavelengths for the (8—V) system: 


T, °K 3000 6000 10000 15000 25006 50000 
Ay (B) 4490 4410 4380 4370 4360 4350 
Ay (V) 5540 5480 5470 5460 5460 5460 


** In the B, V system the effective 4% shifts in the short-wave direction by 2704 from 46104 and the 
isophotic 4? shifts by 1354 from 44904 (author's data, see footnote above). 
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Ch.1, ABSOLUTE STELLAR MAGNITUDES 


For the systems (m, C), (Pg,, Pv.), (P, V) and (Rf, J) Table 4 also gives the 
weighted-average wavelengths. Conversely, for the (U,B,V) system the 
isophotic wavelengths are given, as calculated by K. Schmidt (1956) for a 
blackbody with T= 10,000°K. For the classical international system /Pg, 
IPv the weighted averaged wavelengths are given for a blackbody with 
Tr = 11,000°K. 

The zero point of the popular (U B, V) system is defined for V-B=B—V= 
= 0 for six AOV stars (MK): aLyr, y UMa, 109 Vir, aCrB, yOph and 
HR 3314. Moreover, it is additionally obtained 

1) that for KO—AO, A(B —V)=A(U—B) = 1, i,e., these color indices 
change by unity on passing from AO to KO, 

2) that V=JPv + 2000 0.008 (B —V). 


It should be kept in mind, however, that the wavelengths Ace in the 
international system cre partially distorted by atmospheric absorption at 
the height of the North Pole (at the Mount Wilson Observatory), No correc- 
tion is generally introduced for this absorption. The new systems described 
above, with the exception of the International System, are all photoelectric. 
This also applies to the high-precison system of V. B. Nikonov which uses 
a large basis (A, — 4,). The U, B, V system was adopted at the Dublin IAU 
Conference (1955) as the new international system. It had been commonly 
accepted in photographic observations in the USA and Europe. For example, 
K. Schmidt (1956) used Schott filters and Agfa Wolfen photographic plates 
to obtain the isophotic wavelengths 356, 433, and 452 mu (7 = 10,000°K) 
for the U, B, V system, which virtually coincide with the original photo- 
electric isophotic wavelengths (Table 4). 

Figure 4 gives a graphic comparison of the color indices in the systems 
C =V — Band C = R —/ according to Kron's recent observations (1958), 

The thick line and the circles define the true colors of stars of various 
spectral types, the thin parallel arrows correspond to the colors obtained 
with allowance for interstellar absorption (see below). Figure 5 gives an 
analogous comparison for the systems C=B—V andC = P —Y. In this case 
a linear relation is observed. Note that interstellar absorption by dust 
particles makes the color of white stars, say, yellow or evenred. The 
observations thus give an energy continuum which corresponds to a lower 
color temperature. Let us calculate this hypothetical (apparent) lowering 
of the star temperature. 


-04 0 +04 +08 +12 
p-V 


FIGURE 5 


§4. COLOR SYSTEMS, INTERSTELLAR ABSORPTION 


Without interstellar absorption, we have for a blackbody source of 
temperature 7 in Wien's approximation* for photovisual wavelengths, say, 
a) 
T 
I,(T)=She *e" (65) 
‘po 


Conversely, absorption by a homogeneous layer of optical thickness 


T (Ayo) ~ which is proportional to the distance, gives 


C4 t __t Ca ) __o3 
, ieee” -o. C s— (= Cc — 
= —tpgy)— Cr, Apt, a= She Aww ST 1a 1g Apter, 
S95 = J higy (LT) €* One Se 6. Oe Ape = ae B, (66) 


Hence the apparent color temperature from continuum measurements 


1 4 wT\ 
Tz zata+e (67) 


T° ey 


and the corresponding "reddening" is 
AT=T—T,=T[1-(14+—)"]. (68) 


By observing two stars, one far away with its continuum greatly atten- 
uated by interstellar absorption and another nearby, for which the absorp- 
tion is smaller, we can easily calculate the difference of their apparent 
magnitudes. If A,, 7,, 7, and R,, r,, 7, are the radii, distances, and tempe- 


ratures of the two stars and T(A)=1)+ os is the optical thickness of the 


homogeneous interstellar medium, we obtain in the Wien's approximation 
for the illuminances e, (4) and e,(A) at the detector (ignoring atmospheric 
absorption and other corrections) 
€,(A)~ Fly -s¢"3Tie tt @) 
‘ (69) 


go ae 
e, (A) ~ PA 8e ATee 2M) 


Since m,(A)—m,(A) = -2.5 1g a , putting, 


7 (A) —t,(A) = Ar(A)= Ate +55, 
A= —Slgxt+5 Ig + 1.086A% = M,— M+ 101g Tt 4 1.086A,, 


B= 1.086c,( 7--+- ) , C=1.086Ar, 
I 2 


we finally obtain (for a= const in a narrow spectral interval) 
B (a 
Am(2) =m,(h)—m,(4)=A+7+—. (70) 
" To within 1%, Wien's approximation to Planck's equation can be used when (=) > 100 or AT < 0.31; 
since 4,,T = 0.29, this means that 4<1.074,,. Wien's approximation is thus applicable to within 1% 


shortward of the continuum maximum of the given star (on the wavelength scale). 
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If the two comparison stars are of the same spectral type, B= 0. The 
interstellar extinction Am(4)is generally denoted by A(A)=a(A)r. dere ris 
the distance of the star in kiloparsecs, and a(A)is the interstellar extinction 
coefficient in stellar magnitudes per 1 kiloparsec. The coefficient x (A) 
introduced in what follows is a volume absorption coefficient and as in 
physics it is calculated per 1 cm. 

By definition, for a homogeneous absorbing layer of optical thickness 
T(A)=x(A)r, we have 


A(A) = —2.5 1g e-* 0) = 1.086 1 (A) = 1.086x (2) r (em ) = 3.35-10%%(A)r(kpe), (71) 


and the stellar coefficient is thus related to the physical coefficient by 


a (A)=3,35- 1075 (A). (72) 


Since in the Galaxy we on the average have for various latitudes and 
longitudes a (A,,) +1kpe-', we find x (A,,)~3-10°7%. The observed stellar 
magnitudes should be corrected for interstellar absorption. This, however, 
is one of the most difficult problems of modernastrophysics. Thecorrection 
is generally introduced using the expressions 


4 (App) =A (Ay) = Vo [A (A,) —A (Ay)] S YE. 


Here y, and y,®* const; according to Mel'nikov (1944), in the International 
System Vir = 4.6, Yiey= 3.6. 
E is readily obtained from observations (this is the so-called color 


excess; &¢= = is the coefficient of selective absorption of the homogeneous 


medium) by comparing the apparent color index with the true color index for 
the given temperature. The coefficient y,= 1 + y, can be calculated if the 
interstellar extinction characteristic is known. We may take y,= 4.6, 

y, = 3.6 (Mel'nikov, 1944). According to the author (1958), the best approxi- 
mate formula is 


A(A) = Ay + 4p = 799 + Ay, (74) 


Here A, is the extinction component which is independent of wavelength, 
i.e., neutral extinction (4 (A) > A, for 4-»c) and A, is the selective extinction 
(4, —> A(0) for 4-+0). When working in narrow spectral intervals, one 


may use the old relation (as in Eq. (70)) A (A) = 4, + A, = at A). 


In particular, for the photographic spectrum a =I and the selective 
extinction ~A !, The values of a for other spectral regions were tabulated 
by the author (1944), 

§5. Radiation fluxes (illuminances) and stellar brightness. Observations 
of monochromatic radiation fluxes corrected for interstellar extinction can 
be used in quantitative analysis of radiation characteristics. A significant 
step in the whole procedure is the conversion of the observed radiation 
fluxes (illuminances) to true fluxes per unit surface. This can be done by 
comparing the system of the stellar magnitude with an earthbound laboratory 
source, or, even simpler, with the Sun. 
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§5, ILLUMINANCE AND STELLAR BRIGHTNESS 


The pele odary magnitude of the Sun in the international system (4,,= 
= 5430A) is 267.84 (Kuiper, 1938, Martynov, 1960, and others). The 
photovisual flux radiated by every Square centimeter of the Sun's surface 
into a hemisphere is (according to N. Milford, normalized and corrected 
for the effect of lines and bands according to Wempe, 1947 and Michard, 
1950) 


Hyp = Wp) = 1-3.21-104 = 10.1-10 erg/sec-cm? =10.1-10" W/cm’. 


Here, as before AA= 11cm. The luminosity of the Sun in the photovisual 
spectrum is correspondingly 


(Lo) py = 40 ROH py = Lyv, @- 


The mean angular radius of the Sun at a distance rg = 4.85°10-®pe (the 


parallax is Po = 7aEOF = 2".063:10°) is 
Ri, "7 : 
ae = 118" = 959".5 = 16’ = 6-8 10m 0.004652 radian. (75) 


The iliuminance produced by the Sun on a unit surface area just outside 
the Earth's atmosphere in the photovisual spectrum with AA= 1cm is thus 


L R = R 
Cpe. oe Fn =H» Ger = nT py (Go) = n-3.24-10%4. (0.004652)? = 


=-6.85-10° = 2.18.10 erg/sec- em? ~=2.18-109 W/cm?, (76) 


The illuminance of a unit surface area produced by a star of magnitude 
m—a dwarf of spectral class G2V (according to the latest data, the Sun is 
a star of this type) — is thus 


pv. m = vo, m= Cv, id= otito-mey 


For ¢,@= 2.18-10erg/sec.cm?, m,= ~26".84, 1,= 5430A, Ads=1cem, 
and m= 0".0, we have 


ev, 0 = 2.18- 10!9. 10710-738 — 0.40 erg/sec- cm? = 4.0.10°5 W/cm? 7 (77) 
In general for a m mag. star (A= 1 cm) 


Ig év, m (erg/sec- cm?) =Ige.,q—0.4(m,—my, @) = —0.40—0.40m,, (78) 
lg ev, m (W/cm?) = —7.40—0.40m,. 

For AA= 1 A, i.e., at A= 5430A between 5429.5 and 5430.54, we have in 

absolute units 


Ig eév,m (erg/sec- cm?) = —8.40—0.4m,, 
Ig ev, m(W/ cm?) = — 15.40—0.4m,,. 


Eq. (64) can be used for conversion to stars of other spectral classes. 
Let the isophotic wavelength 4, and the color temperature T, correspond to 
a star of an arbitrary spectral type, and Aj, 7/ to a G2V dwarf; then ina 
100A interval we have 


(79) 


Ige,(erg/sec -cm?)= — 6.40 —0.4m,—(A,—Az) x Ig Jn (7) + (Mi — Az) Z Jx(T.). (80) 
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Here Ag= 54304. The correction Ig (4, —Ke) 2 lg Ji (T.) is small (except for 


very cold stars), For T= 22,000, 14,300, 6750, and 3000°K it is a mere 
+07.00156, +0".00068, —0™.00048 and +0”.00728, respectively, i.e., less 
than the accuracy of the international stellar magnitudes (407.01). 


To convert e, to H, =al,=(4) ¢ for 
1g He, o= 1g Hsasp (erg/sec - cm?) =lg(m-3.21-10*) =15.0(AA=10m)=7.0  (AX=4 A) 


we require Mor R,r or p’(the parallax). For the bolometric fluxes we 
have 


A, =. FF Pak 4 
ley, 5 = 8H = 218 ( Se) — 355 (ms — ms, @). (81) 


Using the Stefan— Boltzmann law H=oT* for visual (more precisely, photo- 
visual) fluxes we obtain (a,, = 5430 A) 


Ig sig hig + (B.C. BC.5) = 41g gt — oz (Amy —Amp,g). (82 
§ AG 8 Heo eT .6 2 3 ( 9) 3 a5 | b »,@) ( ) 
Here, as before, Am,=m,—m,=—B.C. is the bolometric correction. The 
bolometric magnitudes m, Should be corrected for the effect of absorption 
lines and bands: B.C’.= —Am,—(m,+Am,). 


The data for the bright stars are given in Table 5 following N. Milford 
(1950). The tabular value of IgH;,,,,, and hence H,,,,, Can easily be converted 
tO 433. Specifically, 

R 
Rg fom 2 

lpn = ly = &saa0 = A gap t GREE VETTES (83) 
pr’ 3-084-1088 | 


This value can be used in the expression relating e, to m,. 


TABLE 5 
Sree eo ap ee ee es ee pee 
a Bop e Dp T.. °K |T (Sp) °K 
Star Sp Pp RO Mov AMpy 1g Hy, lg Hsas0 lg m e 
Sun G2V | 2.063.105! 4.00 |~26.84;—0.08 0.00 7.00 |+43.281 6000] 5730 
p1ScoA} B3 |0.074** 5.26 |-+ 3-69 |—0.00) +-1.21 8.21 |—3.44/12 600} 18 000** 
wiScoB| B3 {0.074** | 5.86); 3.98 |—0.00| 4.0.99 7.99 \—3.39|40 400 | 18 000 
B Per B8V | 0.032 2.7 j42.3 /—0.00] 41.08 8.08 |—3.09]12 350] 12800 
a@cMa | AlV |0.376 1.93 /—1.58 |—0.04] -+-0.85 7.85 {—2.17/ 9830] 10300 
B Aur A/ A21V | 0.037 2.49 |41.76 |—0.01) +0.83 7.83  |—3.08/140500) 9700 
Bp Aur By] A21V | 0.037 2.28 j= 2.89 |—0.01} +0.86 7.86 j—3.10}10 300} 9700 
a Boo K2p | 0.092 23 +0.04 |—0.22} —0.72 6.28 |—1.70) 4400} 3810 
» Vir gK2 | 0.020 27 4.3 |—0.22| —41.24 5.76 |—2.30) 3710 |4280-3810 
a Tau |Ko5III}/0.059 36 +1.02 |—0.30) —1.08 5.93 |—1.70} 3900] 3550 
YYGemA) K6+ } 0.073 0.66)49.57 |—0.35) —1.19 5.81 |—3.35) 3780) 4000 
YYGemB) K6-+- | 0.073 0.60/+9.81 |—0.35} --1.24 5.79 3.39] 3760} 4000 


bi Hoy in units erg/sec+cm?, daz 14, 


®* Parallax unreliable. 


Recently E. Lamma obtained improved values of the monochromatic flux 
densities lg, for stars of various types from BOV to M2 —M3lIab (1959) in 
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the region A= 3000—10,0004. To this end, he derived the standard energy 
distribution of an average AO star from numerous observations. 

The bolometric correction introduced in the preceding should also be 
calculated for a particular colorimetric system taking into consideration 
the extinction of the continuous spectrum, the spectral response of the 
instruments, etc. The expression used to this end is (L, ~ Kj) 


§ Ly (7) 5 (a) aa 


AM, =Am, = — B.C. = —2.51g > —_—_ = 
J Ly (7) da 
Qo 
WA (T) sy (A) da 
eee igh pe gs 
(7,2) an Sy 
0 


As we have alreadynoted, the best results for early-type stars are 
obtained using the continua 7, (7) calculated theoretically for the given 
effective temperature 7, These calculations were carried out by various 
astrophysicists, specifically Mustel (1953) in the USSR and recently 
Popper (1959) in the West. 


TABLE 6 
Author | Year | T,°K | aM,! am, IV 
E.R. Mustel' 1953 10 500 om 45 0™.72 om 68 
42 500 QO .83 4.11 1 .07 
45 0n0 4.24 4.51 1 .54 
17 500 1 G4 1 .88 1.87 
20 000 1 .91 2 .19 2 .18 
K. Hunger 1954 8160 0.11! 0.25 
BELO 0.14 0.34 
9000 0.38 0.40 
9500 0.24 0.48 
G, Traving 19955 32 800 3.20 3.33 
J. Pecker 1956 27 300 3.00 2.89 
K. Osawa 1956 7 Sud 0. 4sitl 0.13 
8900 0.24 0.99 
S. Saito 1956 tO Goo 0.38 0.69 
14 400 1.22 1.58 
20 500 2,00 2.23 


I Two alternatives a) AA?,~O for 7,= 6500°K, /, (7) Planck's distribution, 
b) /2(7) from the theory of continuous stellar spectra (with the Sun as the zero point). 
II AM, somewhat modified by using a different Af, >. 
III The last five corrections calculated by Popper from Ha (7). 
IV Kuiper's corrections calculated from Ha(T), 


The results of various authors are listed in Table 6. For comparison 
the last column gives Kuiper's old data (1938) obtained by the same method 
for the theoretical H, for early-type Stars. For the late-type stars 
(FO—M5) the corrections Am, were calculated by Kuiper from radiometric 
observations. The corrections for types earlier than FO were computed 
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from the old theory of stellar continuous spectra. However, Kuiper was 
the first to allow for the deviation of the stellar radiation from the blackbody 


spectrum. Note that for hot stars, when él (the Rayleigh—Jeans 
approximation), the analog of (35) with M, = M, + 11.63 — 5 ig ~ —2.51g¢7 is 
(0) 


written in the form 
AM, = — 31.55+ 7.5 lgT. (85) 


Considerable improvement of AM, for bright stars is to be expected following 
direct observation of ultraviolet spectra from rockets and artificial 
satellites. 

Popper (1959) succeeded in somewhat improving the Ad, values from 
existing data. To this end he used 1) radiometric and photoelectric obser- 
vations of late-type stars in the (B, V) system and 2) an improved model of 
early-type stellar atmospheres with data on outgoing fluxes H,, Unlike the 
previous authors, he tabulated the corrections according to the color index 
(8B —V), and not according to T or Sp; moreover, for the visual magnitude 
he used the photoelectric figure V, and not m,,or m,,. The (B —V)color 
index is close to that in the old international system. The results for stars 
of later types than FO are listed in Table 7. The zero point is so chosen 
that the correction for the main sequence stars GO—G8 coincides with 
Kuiper's correction (1938). The color index of the Sun in the (B — V) system 
is +0”.63 and therefore AM, =Am,=0".07 for the Sun. For early-type stars 
the corrections were calculated theoretically; they are characterized by the 
data of Table 5 tabulated according to 7,, since in this case the (B — V)color 
indices are virtually inapplicable. The new corrections for early-type stars 
are apparently 0.1—0”.2 less than Kuiper's old corrections (1938). For 
O—B -type stars the corrections were derived by Underhill (1957). 


TABLE 7 


0™.7 | O™.8 | 07.9 


m.o| 174 Hinz 


Color p_y | +0™4| 07.5] 0".6 
index 


07.07) O44) OM. 17) O™ 28) OM 40) 07 531 OT _72 


AMy=—B. C. \0™.00 1 0™.02) 


The problem of determination of AM,, Am,or —B.C.is closely related to 
the question of the scale of effective stellar temperatures. Kuiper's scale 
is currently used, which was introduced in his work on the bolometric 
correction (1938). The scale was subsequently improved by Morgan using 
the luminosity classes and the spectral types of stars in the Yerkes systems 
MKK and MK (1951). Popper's revision (1959) nevertheless led to uncertain 
results. 


D 
Using Eq. (30) for stars whose parallaxes and linear diameters Do 
(eclipsing and spectral binaries) or angular diameters )” (interferometric 
measurements) are known, we can find the temperatures 7 = T,, from the 


apparent magnitude. The results are listed in Table 5, where the last 
column also gives the 7, (Sp) scale of 1951. If the luminosity classes are 
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not known, the absolute magnitudes are computed from the apparent magni- 
tude and the parallax. The values of 5” are based on direct (Sun), inter- 
ferometric (aCMa, aBoo, etc.) or 
even spectrophotometric (u!Sco, YY 
rs) Gem, etc.) measurements. Spectro- 
7 photometric measurements require 
knowledge of the exact parallax, 
I light curve, and the spectroscopic 
7 orbit of the two components. More 
5 or less reliable results are available 
for three stars only (6 Aur, YY Gem, 


In 2104 


1 
7 5 79 UWI. Wal ane DEO): 
7(Sp)-70°9 T,,is plotted against 7(Sp) in 
FIGURE 6 Figure 6. We see that the fit is quite 


Satisfactory. The only exception is 

the u!'Sco system, whose parallax is 
not reliable. The 7,(Sp) scale of 1951 is apparently close to the true scale, 
but it nevertheless should be further improved. A number of astrophysi- 
cists are currently engaged on this problem. 

Note that for close binaries the monochromatic fluxes H,, and tempera- 
tures can be calculated without the parallaxes, provided the two components 
have different temperatures and the brightness has been observed in 
different spectral regions, so that H}' — Hj and hence the color indices C 
can be found. Generally spectroscopic observations of at least one compo- 
nent are available; its color C!is then determined from the spectrum, and 
after that the color of the second component C!l and its temperature 
(spectral type) are obtained. 

§6. Methods of practical determination of absolute stellar magnitudes. 
We have so far discussed the uses of absolute magnitudes. Now is clearly 
the place to describe how they are determined in practice. 

1. The simplest method uses the trigonomeiric parallaxes p” = p” (tr) 
and the formula* AM, = mj,-+5 +5 gp ( p" = 206 265 20. ) =: woe) Unfortu- 
nately, the trigonometric parallaxes measured with meridian transit instru- 
ments are highly unreliable (with errors of up to 0.2). Exact parallaxes 
are determined with a micrometer and a heliometer. At present the 
trigonometric parallaxes are derived almost entirely by photographic 
methods (using long-focus astrographs), Even in this case the accuracy is 
not particularly high, however, and only seldom permits measuring 
parallaxes of less than 0".01, Indeed, for a focal distance of 10m, this 
angular size corresponds to a mere 0.49 microninthe focal plane of the 
astrograph, while the apparent diameter of the star on a photographic plate 
is as large as 40—200microns! We can thus measure only the p” of stars 


with distances not greater than r (pc) = s=5o = 100pc. At present there 


-04 


are some 160 stars only with known trigonometric parallaxes p’>0".1 and 
about 3S00 stars with p’>0".01. It is obvious that both the large and the 
small parallaxes have the same absolute errors, and the relative accuracy 
is thus different. 


* Corrected for galactic absorption, m=m, + A(A). 
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The trigonometric parallaxes of some stars were measured photo- 
graphically at numerous observatories and are known on the average with 
high accuracy. For example, for Barnard's star, the data of 11 observa- 
tories give p’= 0",546+0''.003. 

Up to 1952, Jenkins's Yale Catalogue of trigonometric parallaxes listed 
5822 stars for which the parallax had been measured at least once. Some 
of them show extremely small parallaxes (about 0".001), which are in all 
probability unreliable. Moreover, the internal accuracy of the parallaxes 
and the biased errors which emerge when the parallaxes measured at 
different observatories are compared should be kept in nrind. According 
to the last IAU report (Moscow, 1958), there are currently 10,823 individual 
measurements of trigonometric parallaxes. 

The determination of parallaxes smaller than 0'.01, i.e., the parallaxes 
of far stars, requires a larger base than one astronomical unit (A=la.u. = 
= 1,495-10°km), The annual path of the Sun can be used as the new base: 


= a.u. . -—F 7 km n(sec) = 
he 7 Yo Ca hayes) L © (= 4 (kam) 


km \ 31 557 000 sec _ km ee 19.5 


sec / 1.495-108 km 


If 4 is the angular distance to the apex and vis the parallactic angular 
displacement of the star over the sky, we have as usually 


ma Pe (86) 


si 


Ao _ virad) _ v’sin i", ho ee 
r sind sind 2) = 


The stellar parallax p; is called secular parallax. Hence for the ordinary 
parallax we get 


_ v(rad) _ 0” sin 1’ 
Po (tad) = 7 sink = hig sim A . (87) 
pe a ee 
vo hg sina Vo ($2) -t0yearsin a i (2) esina 
ye | ee ee ae Ps A 1,495-108 _ , ~ 
= 4.74 - Caraes a (4 = Sega = 4-74) . (88) 
© \sec 


To eliminate the peculiar motions of stars, one computes the mean 
parallax »,of a group of stars. In this case, we obtain by the least squares 
method 


v" sind 4.74—. 


Py = 4. Vosmta Vat (89) 


Similarly from the peculiar component of the proper motions Tt we obtain 
(taking the absolute values) 


(90) 


Here |V,|is the mean peculiar velocity of the star inkm/sec. The parallaxes 
derived in this way can naturally be applied only to determine the mean 
absolute magnitudes of a large group of stars. 
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2. Group parallaxes associated with the common motion of stars can 
also be used. To this end one uses moving clusters and the effect of galactic 
rotation. In the former case the mean parallax is 


pee (91) 


Here A, is the angular distance of the individual star from the cluster 
radiant, Nis the number of stars, V is the velocity of the cluster, and 
p,are the proper motions of the stars, 

In the second case the mean distance and hence the parallax are deter- 
mined from the radial velocity V, corrected for the proper motion of the 
Sun: 


V, = Ar sin 2L. cos? b = Ar sin 2 (1 — 1,) cos? b. (92) 


The most acceptable value of Oort's constant is apparently A= 17.2 
km/sec/kpc (according to Mel'nikov (1944), Petrie (1956), andothers). Other 
authors give 10 <A<25 (km/sec)/kpe and occasionally the values even 
range between wider limits. Group parallaxes of the Pleiades, Perseus, 
Orion, and Scorpius — Centaurus clusters give for the absolute magnitudes 
of the stars in these moving clusters —0™.1, 07.0, -—27.0, and —0".5 (for 8, 
20,17, and 11 stars, respectively). Spectroscopic methods give +0™.1, 
+0".5, ~2™.0, and ~—1".0, respectively. Hence it follows that group 
parallaxes are on the whole not less accurate than the spectroscopic 
parallaxes (especially for the near clusters). 

3. The dynamic parallaxes of binary stars can also be used. In this 
case, by Kepler's third law, setting P for the period in siderial years, we 
get 


: (93) 


p = 
V Can 


Visual binaries are often observed which have common proper motion but 
the relative motion of the components is too small for orbit determination. 
For very large revolution periods, only part of the orbit can be observed. 
In this case one uses the formula obtained independently by Russell and 
Hertzsprung (1911), which can be written in the form 


a 


” = i ie . (94) 


Here s” is the apparent angular distance of the components in seconds of 
arc,s” = rp” sini (ris the distance between the components in a.u.), w” is 
the apparent relative displacements of the components in angular seconds 
per year (this is the angular velocity ik to vp’ sin;, where vis the linear 


s” 


velocity in A. U. per year), and K=( 2 —— )sinisin?/;=( 2 — sin i sin?j , 
y 


ap” siné 
where i is the angle between the peninasgectae and the line of sight, / is the 
angle between the velocity vector and the line of sight. Since the variance 
of masses is small compared to the variance of other quantities, we may 
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2= 2; the constant AK for most individual stars is not known, 


but its probable mean value for binaries can be computed. It is assumed 
in these calculations that different inclinations of the binary orbits are ali 
equiprobable and that the rms eccentricity is e= 0.561. Then K= 0.429, 
The above equation was obtained by making use of Kepler's equation with 
orbital linear velocity v. If we now use the parabolic velocity Upars Which 
is always greater than the orbital velocity, and take, as is usually done, 
a= oo, we can calculate the lower limit value“ for the binary parallax: 

. 3 st (")? 3 “(oF _ 9 185 Fe") , : 
Pmia= V 52-53 Tent = 0- s’(o")?. If the components of a visual binary 
can be subjected to spectrography, which is generally feasible for angular 
distances of not less than 1", the semiaxis a (km) can be found from the 
radial velocity, and since a” is known, the parallax is easily calculated. In 
This way Belopol'skii obtained back in 1898 the p’ for y Vir and y Leo 


4”.02 2°; 
(Say = 0.039 and <%= 0''.020, respectively). 


4. For eclipsing binaries the relative radii & of the components can be 


found from the photometric light curve. 
Expressing the stellar masses in units of solar mass (Mp), the period P 
in siderial years, and ain astronomical units, we further have 


M,+M,= 2 (95) 


and from the mass — luminosity relation (see below) and others 


L~ Ms, 


Further 


L~ R°T3, 
R~a } (96) 


£, can now be found and hence M,. Using the bolometric correction and the 
relation M, =m,;+5+5 1g p’, we thus obtain the parallax p*. All this of 
course implies knowledge of the masses IM, and IM,. 

5. Various indirect methods are available for estimating the distances 
of stars from the Sun (their parallaxes): the period — luminosity relation 
for the cepheids and other characteristics of variables, in particular, the 
maximum brightness of novae; the intensities of CalII, NaI and other 
interstellar lines (O. Struve, 1929, and others), observations of the 21 cm 
radio lines (emission and absorption), etc. Radio measurements give the 
distances to the spiral arms of the Galaxy where the hot supergiants are 
found (O and B type stars). If the distances are known, the mean absolute 
magnitudes of the hot supergiants can be computed; this is a unique achieve- 
ment as no other method will work for these stars, especially those of type Ola. 

Various other formulas are available for the calculation of mean absolute 
magnitudes and hence mean parallaxes from observation data. Thus, for 
example, for stars with known and noticeable proper motions dM, = a + bH + 
+ cH? ~a-+ bH = -1.675 + 0.645H. Here #H is the ''reduced proper motion," 
H=m+5+5 Igu, where u is the proper motion. 


* In particular, when the orbital plane is perpendicular to the line of sight. 
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6. The most extensive observation series of parallax determination 
were carried out with spectrographs. These are the so-called spectro- 
scopic parallaxes. More precisely, this method determines not the 
parallax but the absolute magnitude, which in conjunction with the apparent 
magnitude gives the parallax. The correlation between the intensity of the 
line A= 4077 A and the %, of stars was first noted by Hertzsprung back 
in 1906. 

Since we use the relation 


My=my+5-+ 51g p"=m,—A(AV-+9+45]g p", (97) 


the parallax error is (for |di/|=oy, etc.) 


o: 


2.177 2 = ar + Ofm) (98) 


(dm, < d¢M,) so that the relative error is virtually the same 
for small and large parallaxes, If we assume that the exact mis 
known, we have 


dif =2.17-L , dpx0.5pdM. 


For high-dispersion instruments (slit spectra) dAJ = 0".3 and therefore 
dp 


> ~ 0.14 = 14%, whereas for low-dispersion instruments (slitless spectra) 


d\i =» 1".0 and oe =~ 0.46 = 46%. For practical determination of M4 from 
known parallaxes one plots calibration curves which relate the absolute 
magnitudes J/; to the line intensities W. 


HDZ22585 


mye pny Weg 
6", 


VM 


FIGURE 7 
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For the early-type B—A stars, photometric measurements give W, for 
the hydrogen lines, H, say. Figure 7 shows the H, profiles from the spectra 
of several A-type stars: HD 222385, 6 Aur A, and a? Gem with absolute 
magnitudes —67.3, -0".7, +1™.1 (luminosity, classes Ia—Ib, IV—V, V) and 
equivalent line widths of 1.9, 9.2, and 16.6A, respectively. The correlation 
with absolute magnitude is clearly obvious. 

Petrie and Maunsell (1949) obtained the equivalent widths W(H,) for various 
absolute visual magnitudes jf of 169 Sp = B8—A3 stars. Their results are 
listed in Table 8. 


TABLE 8 
BB—A3 stars 
W (Hy), A ae 
2.71 | 7 7.53 | 10. 18 | 12 so] 14 17] t.10 10] 18.24 
| ee 
My }—8-72] 1.15] +0.25[+0.0 rts 5) 1.41 


The average dependence of M, on W(Hy) for these 169 late B and early A 
type stars (Table 8) can be expressed by the relation 


M, = 1.69 — 13.25.1079 0981 ay) (99) 
Similarly, Mel'nikov (1954) obtained for B8— A7 stars 


H H 
yt VE) = 1.025 — 0.115 M,. (100) 


gw (— 


Fair results are obtained for the absolute magnitudes of B—A stars from 
the maximum number of lines in the Balmer series or from the number of 
the last line 7, (the quantum number of the uppermost level), corrected for 
instrumental and other distortions. Thus, Miczaika (1948) obtained for 
BO—B3 stars 


M,= —0™. 56(n,,—10)+1™. 21. (101) 


Mel'nikov obtained for A stars (Table 9) 
Ign,, = 1.310 —0.025M,. (102) 


The above methods are clearly applicable only if the star spectra show the 
hydrogen Balmer lines, 


TABLE 9 
Ig tm | 4.477] 1. is 1.384] 4. ai 1.310 1.27] 1299 1.279 
My = wo] of 2. s{- 1 o- 0. 0.4 64] -1.56) 12.30 
Number of stars | 3 4 3 | 3 | = 25 47 2 
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A new and fundamentally different method for the determination of 
luminosities (and spectral types) of B—A stars and others from continuous 
spectra was developed by Chalonge and Barbier and co-workers (1950— 
1959). They used the Balmer discontinuity D,, near the limit of the Balmer 
series 1, ~ 3646 A: 


I 
Da, = oe a (103) 
and the wavelength 4, corresponding to the extrapolated midpoint of the dis- 
continuity as their parameters. A third parameter was added to this two- 
parameter classification — the spectrophotometric violet gradient 9,. 
The graph illustrating the results of the French astronomers is shown 
in Figure 8. 


ge gt 5 
o9 GQ +“ +20 +90 +40, *50 *60 *70 *&0 
Ay-3700 A 


FIGURE B 


The most accurate determinations of the spectroscopic absolute magni- 
tudes of stars from O to M are based on line intensity ratios. The intensity 
ratios or differences were chosen for the determination of spectral types 
and luminosity classes when this method, soon after the original publication 
by W. Adams and A. Kohlschutter (1914), was being rapidly developed at the 
Mount Wilson Observatory (Adams, Joy, et al.). The lines used in the 
determination of the spectrum were those sensitive to temperatures changes, 
and the lines for the determination of Mf, were sensitive to surface accelera- 
tion. Eventually some 15 observatories joined the project and the number 
of spectroscopic parallaxes is now over 30,000. The total number of 
trigonometric parallaxes (sufficiently reliable) is about 8000, and the 
parallaxes determined by other methods number about 4000 (Parenago's 
catalogue, 1947), 

As an illustration, Figure 9a plots the intensity ratio of the 4144 A 
helium line to the H, line for B-type stars (Lockyer Observatory). 

Figure 9b gives the same plot for K8 and F8 types (Mount Wilson). The 
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intensity ratios (D\ of the line pairs 4215A/4250A, 43454/4415A, 4408A/ 
/44158, 44568/4462 A, 4456 4/4495 (Mount Wilson) make it possible to 
calculate the absolute magnitude from the equalities 


M,=5.6—1.6D (F8—Gbt), M,=6.8—1.8D ( G6—K9). 


N 


Largab/L ig 
S 
Leash /Luas0k 


~9 
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FIGURE 9 


The line pairs for various spectral types are listed in Table 10 (Mount 
Wilson), 


TABLE 10 
Luminosity {Com pari- Spectral types a 
criterion, son line, | 
A A F uG ak aM sG | sk gM 
i 
4007 SrlI 4o7t. f4-| a. | + | + x BS | ae 
4161 Till 467, [4+] 4 | 4 = 
4196 Fel 4190 +] + ea 
4207 Fel 4202 a1 
4215 Srll 4250 || + | + te a ee 
4233 Fell 4236 [4] | - je 
4246 Sell Oe en oe | 
4258 Fel, Fel! 4260) a a 4 
4290 CrI, Till 4271 Mey ose \ 
4318 Cal 4321 ae le Se 
4324 Cri 432! beet | es | 
4240 Thy 4325 | is 
4475 Sell, YIL | 44040 [+1 2 | | fori | 
4379 VI 43713 | J +i 4 | 
4309 TH 444 jt! 4 i | > 
4408 Fel, Till 4465 li cer Beads 14 4. 
4435 Cal 4415 aoe te 
4454 Cal 4461 {- | - : oe 
4489 Fel, Fell | 4494 | aay es 
4535 Til 4415 ee ee l 
4586 Cal 45722 | | ++ 
4607 Sri 4603 jo 
4861 Hg 4871 | 4 rs 
y : 


Table 11 shows the variation of intensity ratios for spectral types 
FO through GO (J. Hynek, 1935). In their determinations of .V,, Adams and 
co-workers (1922) came to the conclusion that the spectral types of stars 
should be divided into groups according to the character of the lines. They 
distinguished between stars with sharp and diffuse spectrallines. Accordingly 
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they added a lower-case sto the spectral type symbols of the first category 
and nto those of the second category. The group c according to Maury (1897) 
was also retained. The stars c and even s have higher absolute brightness 
thann, The difference in absolute magnitude between s and n stars in sub- 
class BO is not large, but it is very pronounced in classes B2—F2, where 
it is equal to a fraction of stellar magnitude. Later additional qualifying 
letters were added to the spectral classes, e.g., m for A stars (now 
designated ML) with enhanced metallic lines according to Weaver (1952), 

sd (or VI) for subdwarfs, wd for white dwarfs (alternatively D, VIIa or VIIb), 
and so on. 


TABLE 11 


Specual types 


Absolute 
magni- 
tude, wv. 


Intensity ratio Go 


Fel 4071 A_ 


Srll 4077 A 
Till, Zrll 4161 A 
Mai 4167 A 


1.00 


As the spectral classification became more developed and the absolute 
magnitudes of the early-type B—A stars improved (1923 —1927) more 
complex combinations of indices were introduced for different varieties 
of lines. Thus, at the Lockyer Observatory, the standard spectral type 
symbols were qualified by lower-case letters or combinations, ss, s, ns, 
n, nn, in the order of decreasing luminosities, 

Note that in the Mount Wilson catalogue of spectroscopic absolute 
magnitudes of 4179 stars the probable error is og,= +0".27. If we take 


Om, = O".1, then from (98) os 0.13 = 13% irrespective of p. 


Note that the spectroscopic method of determination of absolute magnitudes 
was discovered by observers and only at a later stage, after the develop- 
ment of ionization theory, was it explained theoretically. 

At present, as we have noted, there are over 30,000 of spectroscopic 
stellar parallaxes determined with various high- and low-dispersion slit 
spectrographs and prism cameras. For p” >0"'.05 (i.e., r< 20pc), the 
spectroscopic data are less accurate than the trigonometric method. For 
far stars, however, the spectroscopic parallaxes are much more accurate. 
According to one of the first studies of R. V. Kunitskii in this direction, 
the 'weight'' of the spectroscopic parallaxes for p’= 0.30, 0".10, and 
0" .02 (in units of the 'weight'' of the spectroscopic parallax for 0"'.015) is 
0.05, 0.4, and 10.0, respectively. For stars with anomalous spectra, 
however, p’(sp) is worse than p’(tr) (e.g., for Arcturus p’ (tr) = 0''.08, 
whereas p’ (sp) = 0''.1—0".2), 

The top part of Table 12 gives a comparison of the spectroscopic p” (sp) 
and the trigonometric p" (tr) parallaxes for a number of bright stars. We 
see that the fit is satisfactory. For weak stars (lower part of the table) 
the fit is considerably poorer (the average difference p”(sp) — p"(tr) 
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for 360 stars, ignoring the sign, is 0.026, since interstellar absorption 
distorts the apparent magnitude m, used in parallax calculation). On the 
whole, for the far stars, spectroscopic parallaxes are nevertheless more 
accurate than trigonometric: for example, for a small spectroscopic 
parallax 0''.0030 the accuracy is +0".0004, which is quite satisfactory. 
Moreover, spectroscopic parallaxes are never negative, unlike some trigo- 
nometric paraliaxes. Originally the spectroscopic absolute magnitudes were 
determined from slit spectrograms (reciprocal dispersion of 16 and 36A/mm 
for Hy), but at a later stage spectra obtained with prism cameras began to 
be used (reciprocal dispersion 100—500A/mm), These measurements were 
conducted on a particularly large scale in Harvard, Uppsala, Stockholm, 
Potsdam, Bergedorf, Cleveland, Abastumani, Crimea, etc. 

The photoelectric methods of narrow-band (50—100 A) integrated-light 
photoelectrocolorimetry began to be successfully applied to the determina- 
tion of spectral types and luminosities with the aid of prism cameras and 
interference filters. These investigations were the outgrowth of Lindblad's 
method, first proposed 30 years ago. Reflectors with photoelectric photo- 
meters are now used for this purpose. 

The intensity ratio in two spectral regions is measured (44240/14170); 
it is used as a meaSure of the intensity of the CN band and is fairly sensitive 
to the luminosity class. Conversely, the ratios 14220/1 4240 and 13910/ 

/, 4030, which are a measure of the intensity of the band and the K line of 
Call are largely sensitive to temperature. The final McDonald and 
Copenhagen classification of F—G stars (photoelectric observations) use 
the indices /(H,) and /(Hp), i.e., the combined intensity near the Hg line 
and near the Balmer discontinuity p,,. The luminosity classes of /, are 
defined in terms of the quantity 


PupS=25 {> [lg / (4700A) + lg / (5000A)} — Ig J (4861 A)} ne 
+ const = + (%q700 + 5000) — Maver» (104) 


which decreases from class Ia to class V. The spectral types are deter- 
mined in terms of the quantity 


I (Hp) = — 2.5 {[lg / (40304) ~ Ig 7 (3550A}] + [lg J (4030 A) — Ig J (4500A)]} + 


+ const = (14939 — 3550) + (7400 — "a500)» (1 05) 


which decreases from F to G. The extreme wavelengths are so chosen 
that the effect of interstellar absorption is automatically eliminated; this 
can be done only approximately, of course, using the 47! law. When the 
two indices have been determined, the luminosity classes and the spectral 
types are read off the index vs. absolute magnitude curve (for bright stars). 

Morgan, Meinel, and Johnson (1954) used a prism camera with 
exceedingly low dispersion (30,000 A/mm) for the determination of the 
luminosity classes and spectral types. The red stars give "toadpole" 
images on the photographic plate, and the images of white-blue stars are 
"lenticular." Even with this low dispersion, the spectral types and the 
luminosity classes could be determined by an experienced observer from 
a simple examination of the spectrum. This method was applied in the 
USSR, though in a somewhat modified form, at Pulkovo by Mel'nikov and 
Stoyanova (1958). 
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It should be noted that the distances of stars and hence their parallaxes 
and absolute magnitudes can be obtained by an indirect method — from the 
intensities (equivalent widths) of the interstellar calcium W(K) and sodium 
W(D)lines. Ifthe equivalent widths are expressedinkm/sec (vset mort 
and the distance in parsecs, then according to Beals and Oke (1954) 
r= 34,83 W(K) and r= 30.75 W(D) (from 1820 B-type stars). 

In 1943 Morgan, Keenan, and Kellman, while working on the Yerkes 
Spectral Classification MKK (see §7), identified the luminosity class by 
Roman numerals following the spectral type symbol. Later, in 1953, 
Morgan and Johnson improved the MKK classification and linked it to the 
color index scales (& —\)and(U — 8B). This classification is designated MK 
(see §7). The relation of the Yerkes (MK) classification to the classical 
Harvard (HD) classification is shown in Table 13 (see also Table 17). This 
subject is treated in more detail in the next section. 


TABLE 13 


Specual FO 
type 
MK 

Spectral 
type 

HD 


_ sing = >2 Ue 
Specual| po F5 F8 GO ee | ies) 


06 | 08; O9} BO] Bi} B2] B3| BS} BB} AO} A2} AZ} AS] A7 


06.6/08.2/ 09.2) BO. 4} BL.0} B2.3)/B3.0/B4.9}B7.8/A0.0)A1.6)A2.3/A4.8]A6.4/A9.7 


type 
MK 
Spectral 
type 
HD 


Fi.5 | F4.9 | F8.4|) F9.G{ Gi.2] G4.4]} KO xis) «s| xs | mos 


The luminosity class in MKK and MK classifications is designated by the 
Roman numerals Ia, Ib, II, III, IV, V, VI, VII for most luminous (Ia) and less 
luminous (Ib) supergiants, bright and normal giants (II and III), subgiants 
(IV), main-sequence stars (V), subdwarfs and white dwarfs (VI and VII).* 
All this is discussed in more detail in Chapter 18. 

The relation between the spectrum (Sp), the luminosity (M,), and the 
color index (8 —¥, U — B)for luminosity classes V and III is given in 
Table 14. 

Figure 10 schematically shows the Hertzsprung— Russell diagram 
(abbreviated as HR diagram) in the usual coordinates M, vs. Sp(MK) but 
using the new spectral classification MK. The dashed vertical lines join 
points of equal temperature. The luminosity classes are marked on the 
right (from Ia to V); they determine the shape of the given sequence of 
spectral classes for fixed average luminosity. In Figures 11 and 12 the 
HR diagram is plotted in new coordinates, M,vs.(B—V) and M,vs.(U — B) 
from the data of Morgan and Johnson (1952 —1953). The color indices 
(B —V)and (U —B)are determined photoelectrically to very high precision, 
which is not so for the spectral types of the HR diagram in the M, vs. Sp 
coordinates, Naturally the colors (8 — V) and (U — B)show good correlation 


* These two symbols are not commonly used. 
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TABLE 14 
Luminosity classes V and JII 

Sp | My | BAY. | U—B | Sp | My | B-Y | U-B 
BO —42,3 (—0".32)|(—im. 13 CSV +5™.2 | +0™",68] +0".21 
BL —3 .2)-0 .28!-1 .00 G8 +5 .5} +0 .70} +0 .24 
B2 —2 .4)-0 .24] —0 .86 KO --5 .B | --0 .82) +0 .48 
B3 —1 .7|-—0 .20]—o .74 K1 +6 .0]--O .86] +0 .54 
BS —N .7]}-0 .16} —0 .56 K3 +6 5] +1 .o1] +0 .89 
B7 +o .4]|—0 .13] —0 .47 K5 47.2] +1 118] +1 .12 
BS +0 .5}-0 .09]—-0O .29 K7 A767) +t 37) + 26 
B9 +o .8/—0 .05]-o .16! ML +9 12 1 .48 1.21 
AO +14] 0 .0O}] oO -00 | M3 +10 .0| 14 .49] -LL .10 
Al 44 .4/4+0 .05]--0 051! M5V +42 9] +1 .69] +-1 .24 
A3 “At 7 | +40 09|-10 “07! = 

A5 2» 1of+0 115] Lo coo a = = — 
AT 4-2 .3|+0 .19) +0 .08 - ~ — a 
FO -k2 .7|--0 .30]-+0 .02/ = ~ _ — 
F2 43 (0|-i0 137] 0 _coll CSIIL +o .5/ +40 .95] 4-0 .72 
F5 +3 = .5]-+0 .44) 0 .001 ko +0 4] 41 .01] +0 .86 
Fé +3 .7]+0 .47] —0 02} K2 QO .O] +L 116) +E .20 
F8 -+4 .14/-0 .53]+0 .02 K3 —O 6] bt .20] -bL .44 
GO -+4 .41—0 .60] -FO .06 KS -1 .1] -Et .52] FL. .8A 
G2V +4 .7) 40 .64)-L0 116) M2—3 —1 .2] Fi 57] -]-1° .86 
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with temperature. The curve of the {8 —V) and (U— B) color indices, 

its nonlinearity and nonmonotonic variation are responsible for the conside- 
rable difference in the appearance of the HR diagrams of main sequence 
stars when the color (8—V) or even (U —B) is laid off the abscissa. 
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The (B —V)color and the spectral types of stars of constant luminosity are 
conversely related by a monotonic dependence, and they are therefore used 
more often than the ({U — B)colors. Unfortunately, the (B —T!)color, like 
any other color, is affected by interstellar extinction. However, Morgan 
and Johnson managed to overcome this difficulty. Let (8 —V)),(U — B), be 
the true colors and (B —V), (U —8)the observed colors. Let further E,_y 
and Ey_, be the corresponding color excesses. We can thus write 


aimee 106 
According to Morgan and Johnson, for O—B stars 
FU=8 = const = 0.72 + 0.03. 
We define a new quantity 
Q=(U —B)— FU=# (BV) = (U — B),— FE=8 (BV), (107) 


If the ratio pe is independent of interstellar absorption, Q is also inde- 


pendent of this factor. For different spectral types (05, BO, B5, AQ), g takes 
on different values: —0.93, —0.90, —0.44, and 0.00. Hence, Qcan be used 
as a criterion of the spectral type from stellar continuum parameters 
measured with fairly wide-band filters coupled to a photomultiplier. 


B7 BO-B2 
BP BI 
BS BS 
B& B&-B9I 
AQ AQ 

Sp 
A4 A2-AS 
Fg FO-F8 
63 GO-G65 
K/] KO-K2Z 
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M/ Mo-Md 

BO-Md 
TRErere err selene 
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The true color can thus be related to the measured Q (Sp) for various 
spectral types: 
(B—V))= —0.09 + 0.3370 (Sp). (108) 


Hence, for the color excess 


Es-v =(B —V) —(B—V), =(B —V) —0.337Q + 0.009. (109) 


The observed colors of O6—AO stars can thus be used to investigate 
the color excess, i.e., the interstellar absorption.t 

As a supplement to our discussion of absolute stellar magnitudes, 
Figure 13 shows the dispersion of absolute magnitudes of various spectral 
types (in the HD system) up to apparent magnitude of 6”. 

§7. Spectral classification of cold stars. Criteria of the MK classifi- 
cation. The HD classification, described in Vol.I of this Course, includes 
the spectral types of cold stars M,S and R,N. The first type is charac- 
terized by the presence of TiO bands, the second by the presence of ZrO 
bands, and the last two by bands of carbon compounds CH, Cy, C3, CN, 
etc. By now the two types R,N have been combined into a single tempera- 
ture class C subdivided into CO to C9. It is characterized by the presence 
of the following molecular bands: 1) C, (Swan bands) A®%Il, — X°II, (0.2), (0.1), 
(0.0), (1.0) and (2.0) in the regions 6191, 5636, 5165, 4737, 4383 A, which 
respectively include 6,5,3,4, and 3 main bands; 2) CN B?S — XZ of the 
sequences —2,1,0,1 with heads at 4606, 4216, 3883 and 3590 A, etc. The 
old Harvard HD classes RO, R3, and R5 roughly correspond to the new Cl, 
C2,C4. No such correspondence is observed for the old N type, however. 
For example, the extremely cold star WZ Cas (whose spectrum shows the 
6708 A Lil line!) was classified as Nl (HD), whereas in the new classifica- 
tion it is treated as C9(MK). According to Keenan and Morgan (1951), the 
effective temperatures 7, of the C subclasses range from 4500° (CO) to 
3450° (C5), as we see from Table 15. 


TABLE 15 
or . | HD type 
"py T, C type * (same 1) 
4100 4300° K co G4—c6 
se 4300 C1 rcs 
3500 4100 C2 G9—KO 
— 39010 €3 Ki—K2 
2900 3650 C4 K3—K4 
_— 3450 C5 K5—MO 
2300 _ CG M1i—M2 
_— — Cc? M3—M4 
2100 = c8 _ 


R, Bouigue.—Ann. d*Astrophys, 17, 35, 1954, 
“* W.W. Morgan, P,C, Keenan.—ApjJ 94, 
501, 1941. 


t A certain difficulty is encountered due to the progressive growth of the effective wavelengths of the 
colorimetric system for progressively farther stars, which are more susceptible to the distorting action 


of interstellar absorption (Nikonov, 1953, and others). 
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The same table lists the temperatures 7,,derived from the Cn vibration 
bands (Bouigue, 1954) and the spectral types G—M from the temperatures 
T, which correspond to the classes CO—C7. Note that half the sum of the 
intensities of the D, and D, NaI lines shows good correlation-with the C 
subclasses: it monotonically increases from CO to C9. 


TABLE 16° 
Criteria 
spectral type | luminosity class 
95} He II 4541 ) 
eran gee ) } Lit sos Sitv+Hel 4it9 | He 1 4387 
ny 5}% IIT 4552 4 <4 | SilV 4089" Hel 4144.’ ‘Hell 4541 
*° | Si EV 40u9 { mi |) 
Bi >1 
f ; N_II 3095 
| He 1 4009 
Bi 4650 Hel 4144 
He 11 4656 Hel 4121 
Ol 4416 
He J 4144 or Hel 4387 
B2 Si I 4128 \ 
B3 He I 4121 
B5¢ Sill Siil 4128 
BB | eT He I 4144 3 He 1 4124 NIT 3995 
Bo CallIK He 1 44714 : He I 4144 He | 4009 
Hel Mgl144ai 4 0 
AO, weak Hel lines, Fe present & 
a1} Fel, Cal, Mn1| Fel 4385 a 
A2 sig TT aMBI— | Ma 14032 BI E 
Aj 314032 BI 4300 Bl 4128—4132 
BI4130' Fe 14385 J Wh 474479 
Cal 4227 Bl 4416 BI 4175 
Mgll 4481 Mgil 4481 Bi 4030—4034 
AS) Bl 4030—4034 
AT } Ria 4i Rl 4416 Bi__4436 
FO J CH band Mgil 4481' Cit 4300 
F2 
F5 ) Fel or Cal } Bl 4172 Sr 11 4077 
F6 | Hs or Hy Cai 4226 Fel 4N4a 
aA ; Srl 4077 
G2 | Cal 4226 
G5 Mn I 4030 Bl 4471—4173 St 1 4077 
G8) ~~ CH 4300 ‘ Cal 4226’ “Cal 4226; Hy 
Srl 4077 
Cal 4220, 4063: Fel 4144, 4085 
Ko Bi 4290 Ca T 4226 
CH 4300 } Fe 1 4045 


HE Cal 4226 Bl 4290 
Ks | Fe 1 4325' CH 4300 


Continuum near 4215 A (CN bands) 


4045 4215 4376 4383 
M } TiO bands Zo77' 4250’ 4383" “4390 
"1) In the furm used by J, Pecker, E. Schatzman, See also 
2) MKK classification: W.W. Morgan, P.C, Keenan, and E, Kellman.—Atlas 
of Stellar spectra, with an outline of spectral classification. Chicago, 1943. 
3) MK classification: W.W. Morgan and H.L, Johnson.—Apj, 117, 313, 1953; * 
Ch. Fehrenbach: Les classifications spectrales des etoiles normales.—Hd. 4d. Ph. 
Bd, L, 1—92. 1958. 
4) Bl in the table designates a blend (overlapping lines), the wavelengths are in &. 
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In addition to the preceding it should be kept in mind that the Harvard 
HD classification is nowadays used on a progressively smaller scale. This 
linear classification has been replaced by the two dimensional (Sp, M, ) 
classification, designated as MKK in honor of its originators Morgan, 
Keenan, and Kellman, who first published it in their Atlas of Stellar Spectra 
(1943). It was subsequently improved by a group of Yerkes and other 
astronomers (Morgan, Johnson, Bidelman, Roman, and others) and was 
briefly designated as MK for spectral types O5—M2. The luminosity classes 
Ia, Ib, IJ, III, IV, V were introduced (see above). This classification of stellar 
spectra is therefore inseparably linked with the luminosities. Since it was 
not included in Vol.I, we list here its fundamental criteria for the determi- 
nation of spectral type and luminosity. They are designed for low-dispersion 
spectrograph, so as to make Stars of all subclasses accessible, The main 
(approximate) criteria of the MK classification are listed in Table 16. 
Intensity ratios of lines and blends (Bl) are mainly used. A whole range of 
objects do not satisfy these criteria, in particular, WR stars, ML stars 
with enhanced metallic lines, stars with high proper motions, stars from 
the halo component of the Galaxy, stars with peculiar spectra, etc. 

Table 17 lists corrections (from the regression curve) for conversion 
from MK to HD system. To first approximation, a linear dependence is 
observed. 


TABLE 17° 
Correction Correction Correction 
Sp (MK) (in tenths of Sp (MK) | (in tenths of Sp (MK) | (in tenths of 
a class) a class) a Class) 

0G 40.6 AO 0.0 GO -0.4 
08 0.2 A2 -0.4 G2 --0.8 
o9 +0.2 A3 - 0.7 G5 —0.6 
BO +0.4 AS -0.2 
B1 0.4 AS -0.5 | Ko 0.0 
B2 +0.3 Fo —0.3 K3 —1.2 
B3 0.0 F2 -0.5 K5 0.0 
B4 —0.1 F5 -—O.1 K8 0.0 
BS -—0.1 F8& +0.4 | MO +0.5 
B8& —0.2 | 


® See analogous Table 13 (approximate). 


Photometric methods of integrated-light colorimetry, which are being 
developed in recent years, will enable the spectral types and luminosities 
to be determined from narrow bands in the continuous spectra of stars, in 
particular from photoelectric data. A certain modification of these methods 
calls for determination of spectral types from color indices, etc. 

A two-dimensional spectral classification is being developed for low- 
dispersion prism cameras — of the order of hundreds A per mm (Warner 
and Swasey Observatory and Harvard Observatory in the USA, Crimean 
and Abastumani observatories in the USSR, etc) and for ultralow dispersion, 
of the order of tens of thousands A per mm (Yerkes Observatory in the USA 
and Pulkovo in the USSR). 
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In conclusion of this review of absolute magnitude determination tech- 
niques note that high-precision determination of spectroscopic parallaxes from 
from spectral lines is limited only by the feasibility of obtaining slit spectra 
with dispersions of 10—40 A/mm. For a 5-m telescope with 1 hr exposure, 
the corresponding limit is 12 , and for higher exposure times even fainter 
stars can be processed. One must not forget, however, that this does not 
detract from the importance of trigonometric parallaxes, After all, any 
astrophysical method reduces in the final analysis to calibration of spectro- 
scopic parallaxes from the trigonometric parallaxes of the nearest stars. 
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Chapter II 
STELLAR MASSES 


§8. General. There are known stars with masses ranging from 0,008 
to 400 solar masses, but the most frequent ones have their masses between 
0.4 and 4.0 of the solar mass. Remember that the mass of Jupiter is 
0.00096 Mo~0.001 Mo. Our knowledge of stellar masses is derived almost 
exclusively from observations of binary and multiple systems. Particularly 
reliable results are obtained for visual binaries. These remarkable objects 
were originally studied visually, although now they are tackled by photo- 
graphic and interferometric methods. 

Unfortunately, observations of visual binaries provide adequate informa- 
tion only on stars of average and moderate luminosity and average mass, 
since it is these stars that are mostly observed in binary systems. More- 
over, these are mainly late-type stars. Studies of spectroscopic binaries, 
on the other hand, supply information on objects of high and medium 
luminosities and masses, Moreover, Algol-type eclipsing variables show 
secondary components which lie above the main sequence in the Hertzsprung 
Russell diagram and yet below the giants branch. These are highly 
remarkable objects called subgiants. The primary components of these 
systems, however, are normal main-sequence stars. Eclipsing binaries 
also include W UMa stars — close systems of A—K-type stars with 
anomalous masses, 

Detailed formulas for the component masses of binary stars are derived 
in §11. Here we consider this problem only briefly. 

Eq. (95) in Chapter I was 


M,+M, =F, 


where the distance between the components ais expressed in astronomical 
units, Measurements of binary systems give a in angular seconds (a’) and 
not in astronomical units. If ris the distance, we have a/r=a". sin 1", 


. " .u,) (a.u, : . 
i.€., a > any SNT = “Fepey. =a(au.)p. Hence, if the parallax is known, we 
obtain 
_ _(a")s 
M+ Ms = pr 5 (1) 


The value of this sum is generally close to 2. If the relative orbit, i.e., 
the position of the satellite relative to the major component of the binary 


§ 8. GENERA, 


system, is known, we can obtain only the sum of ihe two masses. If the 
absolute orbit is known, then a=a,+e,and we have 


a,- Dt, = a,-M,. (2) 
Moreover, 
mT m 
"Te 28 Ts . (3) 


This case corresponds to a known absolute orbit, when observations of the 
components relative to the background of fixed stars give their individual 
motions relative to the center of gravity of the system. 

For spectroscopic binaries, @is obtained in kilometers, However, «a 
enters all the formulas together with the sine of the inclination angle sin i. 
The inclination ¢ is known only if the system is at the same time an 
eclipsing variable binary (then in most cases sin i~1). 

In general for spectroscopic binaries we have 


(M2, + M,) sin? i= (rSin {Fae sin (4) 
and moreover 
— p2y7/2 
(M, + M,) sin?i = POH” (a, + By) + (ae + B2)], (5) 
mt fe  Ao+fr 
Taras a,+ 6, © (6) 


Here a,,a, and f,, 8, are the extreme values of the radial velocities of 
the two components on the velocity— phase curve. 

From equations (5) and (6) we obtain the individual masses, provided 
that ¢ is known and the velocity curves of the two components of the spec- 
troscopic binary (with split spectral lines) have been measured. In this 
case a, and a, are computed from the maximum and §,, B, from the minima 
of the radial velocity curves of the first and the second component, 
respectively, For example, for u Her P= 27.051, e= 0.05 (the 
eccentricity). The star is a spectroscopic and at the same time eclipsing 
binary (therefore sin ix1), For this star a= 65, a,= 240, f,= 125, 
6B, = 300 km/sec and from the above formulas we have W,+M, = 11.6, 

M, = 8.6 and M,= 3.0. Taking radii 5.28 and 3.67 Roand spectral types 
B3 and FO, we obtain from the mass — luminosity relation 6.18 and 2.48. 

For spectroscopic binaries with an unsplit spectrum we can determine 
only a function of the component masses aiteg ae (it has the dimension of 
mass, if absolute, not relative, masses are used). If i; is known, only the 
lower limit value of the mass can be computed. If, however, a large 
sample of binaries have been studied and all the orbital inclinations are 


equiprobable, then their number in an interval di is ~22 sin i-di and on the 
nj2 


iy 2nsinti-di 
average sin?i=—, = an = 0.59. A somewhat higher value (2/3) is 
§ 2nsini-di 


0 
generally assumed, since binaries with large i show a negligible line shift 
and generally remain undetected (on account of measurement errors). 
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Spectroscopic and eclipsing binaries are studied spectroscopically and 
photometrically. Measurements of visual binaries are carried out on an 
equatorial with a micrometer, on meridian transit instruments, on inter- 
ferometer, or even photographic negatives. The equations for the measured 
rectangular coordinates (a geocentric orbit) used in the reduction of 
measurements are 


X=e,ty,t+n-Po, 
Y=c,+pyt+an- Ps. (7) 


Here c, and c, are the heliocentric positions at the zero epoch, e.g., 1950.0, 
p, and p, are the annual proper motions, ¢ is the time in years from the zero 
epoch, a is the relative parallax, P, is a function of the radius-vector of the 
Earth's orbit (in A. U.) and right ascension, reduced to a great circle, and 
P,is a function of the radius-vector of the Earth's orbit, right ascension 
and declination (P,and Ps, are the parallax factors), The latest data are 
arranged in Table 1 on the basis of van de Kamp's review (Hd. d.Ph., L, 

p. 208. 1958) for 12 visual binaries with accurately known orbit elements, 
mass ratios, parallaxes, absolute magnitudes, and spectra. Highly impor- 
tant information can be obtained by combining spectroscopic and photo- 
metric observations with astrometric measurements (Olden, 1946, and 
others), Suitable cases are aUMi, Peg A, 58 Per, and especially 
Procyon (Strand, 1951), Algol with three components A, B, C has also been 
studied. The components A and B of Algol constitue an eclipsing binary 
(Pa, 3 = 24.867). The period associated with the motion of component C is 
P, = 1,873 years (determined spectroscopically). The orbit semiaxis 

(van de Kamp, 1951, and others) a= 0"'.015 = 0.35 A. U. was measured 
astrographically relative to the photocenters of AB and C. Given the mass 
M(A+P) = 6M, we have M(C) = 1.45 My (for i = 63°). 


TABLE 1 


m m 
7 Cas 44.99 |480.0 | 0.170 1.52 | 0.94 | 0.58 | GOV K5-++ | 4.54 }47.51 
o? EriB,C | 6.894/247.92) 0.201 0.66 | 0.45 | 0.21 | BO MSe }10.26 | 9.5 
Ross 614A, By 0.98 | 16.5 | 0.251 0.22 | 0.14 | 0.08 | dAIG+ — {9.9 {| 41.9 
Sirius 7.G2 | 49.94 0.379 3.26 | 2.28 | 0.98 | AIV AS 0.80 | 11.22 
Procyon 4.55 | 40.65) 0.287 2.41 | 1.76) 0.65 |F5 IV—V 2.59 | 12.82 
a@Cen A, B /417.655] 80.09] 0.760 1.96 | 1.08 | 0.88 | G4 K1 4.40} 5.05 
— Boo 4.884/149.95| 0.148 1.60 | 0.85 | 0.75 | G8V K5 5.41 6.70 
¢ Her 1.35 | 34.42) 0.104 1.85 | 1.07 | 0.78 | GOLV uKO | 2.94] 5.52 
Fu 46 0.71 | 13.12) 0.455 0.56 | 0.31 | 0.25 | M4 M4 8.20 | 8.64 
70 Oph 4.551] 87.85} 0.199 1.55 | 0.90 | 0.65 | KOV K4 5.50 | 6.85 
Kru €0 2.412] 44.6 | 0.253 4.36 | 0.272] 0.164] dM4 dM6 | 9.11 9.97 
85 Peg 0.83 | 26.27] 0.080 4.62 | 0.82 | 0.80 | G2V — 15.26) 7.18 
Sun _ — | 0.2063-108 _- 1 — | G2v — | 4.02] — 


Other eclipsing binaries which have been studied are VV Cep and e Aur 
(van de Kamp, 1958). Astrometric and astrographic studies of dark 
(invisible) stellar satellites of small mass are of considerable interest; 
these include the component of Ross 614 B, the component of L 726 = 8, 
the component of 61 Cyg with masses of 0.08, 0.04, and 0.008 Mp, 
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respectively, and others (Strand, Deich, and others). In the case of 61 Cyg 
we are very close to the mass of Jupiter 0.00096 Wig, so that the mass limits 
of stars and planets are not clearly separated, There are probably some 
planets in the Universe whose masses are greater than the currently known 
maximum and stars with still smaller masses (up to the theoretical limits). 
§9. Determination of mass from the red shift. Fairly accurate observa- 
tion material is currently available for the determination of masses from 
the red shifts of spectral lines preducted by the general theory of relativity. 
These measurements make it possible to calculate the masses of isolated, 
single stars, Escaping from a star of mass §% and gravitational potential 


O=G * into the interstellar space with velocity c, a quantum of light hv, of 

mass* my = ‘Xe loses energy (does work) equal to its potential energy 

hvyp— hv =G 2a =0 ae. The energy @ is lost and dissipated in space, and 
hvo O-v 


we therefore observe a quantum of energy hv=hvy,—D—2. Hence v,—v=—; 
ec ce 


or equivalently SF -¢R. Expressing Jt and A in solar units, we get 


Ak 9.145.409 3 | (8) 
Expressing the red shift in terms of velocity, we obtain 


Av = 0.635 7 tm (9) 
Since the gravitational potential at the Earth's surface is markedly less 
than on the surface of the star, the red shift is actually observable. Eq. (9) 
can be directly used. The results for individual stars are not particularly 
reliable. The only exceptions are the white dwarfs and the massive O-type 
stars. Bottlinger (1931) correspondingly used the radial velocity of 286 
B-type stars of small peculiar velocities. He subtracted the solar motion 
and the galactic rotation from these figures and obtained the group values 


mM 
of 7-. R was calculated from luminosities and temperature, and he 


obtained for the masses It = 78—1200, Later Lundmark established that 
the masses computed in this way are correlated with luminosities. A 
similar technique can be applied to multiply systems and O-type stars of 
high mass and luminosity from galactic cluster. Trumpler (1935) carried 
out the corresponding calculations. His results are listed in Table 2, 

The radii and the densities 0/ay were estimated from luminosities and 
temperature. Large line shifts of the order of 20km/sec should be 
expected in the spectra of white and other dwarfs (DB, DA, DF,etc., or 
alternatively wdB, wdA,wdF...; according to another notation system 
BVIla, AVila, F Vila (with nuclear sources of energy) and BVIIb, A VIIb, 
F VIIb (without nuclear energy sources)), Indeed, according to Popper 
(1954), the white dwarf 40 Eri B of spectral type DA, luminosity class VII 
(#, = +117.0), parallax p’= 0".200, color (@—V) = +0”.03 and (U- B)= 
= -—0".70 shows a red shift of (+2144)km/sec. This corresponds to 
= 33.1. For R= 0.0132 (Greenstein, 1948), this gives M= 0.44. 

vy 


° The inertial mass of a photon is determined from the relation eg =hvp=Mgq,-c?,1.e.. mq =z: 
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TABLE 2 
Redshift, 
Number [corrected] gp ~ baat, 
Cluster of stars | forrefe-| > = Sp TAO | Mag | RR | MMe co 
Measured} rence 
stars 
NGC 2244 lo --7.9 12.5 Ou 4.2 ~4.4| 6.8 8.5 | 0,27 
& 8.5 13.4 09 2.89 —4.1] 7.4 90 0.25 
NGC 2264 fn 14.6 23.0 O7 3.62 ~4.7| 7.8] 180 0.38 
NGC 2362 1 9.9 10.6 08.5 3.02 ~G.4] 19.5 | 300 0.04 
NGC 6871 2 9.4 14.8 Oow 2.85 ~5.7] 14.8 | 220 0.07 
5 15.4 24.0 BN 2.60 —5.4] 14.1 | 340 0.12 
NGC 7380 t 45.4 8. 2.85 —4.6) 8.9 75 0.44 


The masses of three white dwarfs which are components in binary sys- 
tems were determined directly: aCMaB, M= 0.98, aCMiB, M= 0.4, 
40 Eri B, M= 0.44. For 40 Eri B, Artyukhina (1948) obtained M= 0.41 
from observations (after orbit correction). These are low-mass Stars. 
Conversely, O-type stars in clusters (Trumpler) have M = 300, i.e., large 
masses. The reliability of these high stellar masses in clusters, however, 
has not been fully established. Figure 14 plots the bolometric luminosity as 
a function of log mass according to the data of Table 16 fromChapterI. The 
scatter of the points is clearly substantial. 


Sirius B 


Procyon 


*G4 +02 GO a2 ae “G6 -08 -lQ -l2 
9 =H 
FIGURE 14 
In Figure 15 the mass— luminosity relation is plotted from all the data 
available in 1940, collected in the extensive study and catalogue of H. Russell 


and Ch. Moore. Data on visual, spectroscopic, and eclipsing binaries and 
other information were used. We See that the dependence M, vs. lg Mis 
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virtually linear: M,= —8.5 lg M+ 0.63 or alternatively Z~ M>-*, i.e. in 
practice L~ ms, After some improvements L~t'82, Earlier, in 1936, 
P.P. Parenago obtained lg M&= 0.488—0.1009 M,+ 0.0053 Mi—0.00066 

3 ~0.590—0,1194 M,, i.e., again approximately L~ mM, This is the 
famous mass—luminosity relation. It was first established by Hertzsprung 
in 1919, and later by Adams, Joy, and also by Eddington. Their results 
clearly pointed to the great importance of the mass—luminosity relation 
for the study of the interior stellar structures. In 1940 Russell and Moore 
obtained Ig M= 0.1048 ( M, —5.23) or alternatively Ig L= 3.82 lg N-0.24. 
(Here and in what follows the masses are expressed in units of solar mass.) 


+105 


~Q6 03 D003 106 409 1.2 +15 +718 
lg 7 
FIGURE 15 


We should stress that a definite relation between stellar masses and 
peculiar radial velocities 7, was also discovered, namely NV; ~ const. 
Unfortunately, in the Galaxy this relation is satisfied only to some approxi- 
mation. It was derived for the "star gas'’ by analogy with the motion of gas 
molecules and atoms, 

§10. Mass—luminosity relation, This topic was discussed, in particular, 
by Masevich and Parenago (1951). They established from observational 
data that a more general relation is that between mass, luminosity, and 
radius and that no uniform dependence could be found for stars of all the 
different types and sequences combined. The mass—luminosity—radius 
relation was written in the form 


Igh=z+ylg M+ zlgR. (10) 
The parameters z, y, z were tabulated and found to be different for different 


stellar sequences, as we see from Table 3, This table also gives the 
variance oy. 
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TABLE 3 
Soaieaen Number of 3 
q equations ? . M 

Main sequence 19 average values | —0.05-+-0.08 | +1.98-+0.60/-+2.644+0.80| +0.56 
O—G4 +0.05° -0.09{-4+3.92 0.17] — _ 0.69 
—0.10 0.10} — — 145.19 0.23 0.71 
Main sequence 13 average values} —0.37 0.06)+44.79 0.17/—-1.06 1.06 0.36 
GI—-M ~—0.39 0.06)}42.29 0.17 _ - 0.37 
~—0.37 0.08 _ — [44.49 0.48 0.51 
Above the main 5 average values | —0.65 0.08 +1.45 0.29/4+4.18 0.60 0.17 
sequence —0.18 0.20/42.89 0.83) — - 0.74 
—0.76 0.25 = — |+6.34 1.26 0.52 

White dwarfs 3 single stars —A.7 +0.5: —~1.5: 
Subdwarfs 25 single stars +0.79 0.09/41.64 0.25/42.52 0.25 1.42 
+0.71 0.21 2,13 0.57 _ - 2.50 
0.64 0.15 ant — |42.84 0.42 1.83 
Subgiants 26 single stars —0.35 0.13 0.33 0.46/+4+2.05 0.21 0.49 
+0.87 0.09/40.36 0.37, — ee 1.14 
—0.33 0.14) — — )42.06 0.22 0.52 
Giants 9 average values +0.44 0.07)40.99 0.54/10.83 0.13 0.20 
40.12 0.54/4+3.38 1.03) — — 0.52 
0.78 0.12 — — |40.99 0.11 0.23 
Supergiants 10 single stars —0.13 0.35 2.79 0.32}40.28 0.14 0.75 
~0.15 0.43/+3.18 0.32] — - 0.94 
+2.18 0.76) — — {+41.03 0.37 2.58 


Main-sequence stars are clearly divided into two groups with the partial 
relations 


1) C= 1.1297 97#012, gy = 4 0.69 (11) 
40.29 


for types O— G4; 


2) E = 0.419? 794937, aye = 4 0.37 (12) 


+£0.06 


for types G7—M; 


1') ag aaa On = +0.74 (13) 


for types O— G4; 


2") L=0.43R' 1°*9%8, gy = 4 0.51 (14) 
+ 0.08 


for types G7—M. 
(In (11)—(14), Z, R, and Mare expressed in solar units), 


The general relations thus have the form* 


L = 0.89! 89-60 2640-80. 4 0.56 (0— G4), 
+ 0.16 

L=0.43I 7829-17 At-0621-06. 4 9.36 (G7—M). (15) 
+ 0.06 


The division into two subsequences is confirmed by the character of 
stellar motions, data for O and T associations (Ambartsumyan, 1947), and 


other findings. 


* Also lg R= 0.735 lg M+ 0,036 (for O—G4) and lg R= 0,506 lg Mt — 0.004 (for G7—M), i.e, R~M. 
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Lack of a single relation between 1,R, and It indicates that no single 
model of stellar structure exists in nature, which could explain the infinite 
variety of stellar structure and evolution throughout the Universe. Stars 
are as inexhaustible as the atom. Even now we are constantly encountering 
various substantial deviations from the above mass — luminosity relations, 
This was first noted by Mel'nikov (1944) in the study of cepheid masses, 
which were found to be equal to a few solar masses regardless of their 
period, i.e., luminosity. Subsequently,this result was confirmed by 
P.P. Parenago (1955). 

Substantial deviations were also observed in eclipsing binaries. These 
Stars were classified by Z. Kopal (1955) and others. Kopal introduced the 
following three classes (groups): 

1) Detached main-Sequence systems. The two components 
Statistically followarelationbetween Zand §*(a= 2.8 for heavy stars 
(M>2) and c= 5.7 for light stars (M «2)). The partial relation M~ A®is 
also satisfied, with B= 1.5 for heavy and 1.0 for light stars. 

2)Semidetached systems (Algol type). The first component 
follows the same relations between M, £ and M, Ras the stars of the lst 
group. The second component lies above the main sequence and its mass is 
smaller than that normally corresponding to its luminosity. These stars 
are known as subgiants. The first, heavier component is normally a 
smaller and hotter star than the second component. Hence it follows that 
the principal minima of these systems are the result of total eclipse. 

3) Contact systems. These systems occur more frequently than 
all the others. They belong to spectral types A—K. A typical representa- 
tive is WUMa. Statistically stars of these systems do not follow the mass — 
luminosity relation. The first, heavier component of these systems is 
larger, cooler, andoftenfainter (in absolute terms) than the second 
satellite component. The principal minima in these systems are the result 
of occultation. Note that a more universal classification of eclipsing 
binaries into 5 groups was advanced by S. Gaposchkin in 1958. 

According to O. Struve (1948, 1958), it has been firmly established that 
the following binaries do not follow the mass —luminosity relation: 

a) Weak components of O-type spectroscopic binaries with split lines. 
Examples, Plaskett's star HD 47129 (P= 144.4) and AO Cas ( P= 34,52). 

b) Weak components of Algol-type systems with virtually unsplit lines. 
In some cases they can be observed at the time of the principal minimum. 


From the corresponding relations (e=52) 


Wey 
2) 108 TM, sini 
a(1+a*)=9.66-10 pa | ae 
$sin?i { 
A (I) = aera = one KGP (A — eyPrMg 


itfollows that M, is too small or MW, is too large (for the given luminosity). 
Since the main, brighter component has a normal spectrum, the anomaly is 
probably associated with the second component, a subgiant. For example, 
for XZ Sgr, Sahade (1949) obtained /,(m) = 0.004 and if for the primary 
normal A3 component we take t,= 3, then M,= 0.35. Hence from the 
mass — luminosity relation it follows (Kuiper, 1938, and others) that 

AM, = 7.3. This is at variance with the number obtained from the photo- 
metric light curve AM,= 2".5. Hence, the luminosity of the subgiant is 
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100 times greater than what follows from the mass—luminosity relation. 
In general subgiants have M@= 0.2—1.0 (O. Struve, Huang Su-Shu, 1958), 
which is too low for their luminosities and effective temperatures. The 
deviation of subgiants from the L, I relation is statistically a function of 
the mass ratio (O. Struve, 1954), and is also associated with the fact that 
the secondary subgiant fills one lobe of the inner contact surface (O. Struve, 
Huang Su-Shu, 1954) of the binary. For WUMa Stars, the components are 
m 
m7 
although the threshold curves of radial velocities of normal systems with 
split lines predict a= 1.25. The relation between Mand L for a= 2.0 


of close spectral types. For 10 systems from A, and A, we get a= 


gives AM, = 15 = 2™.9. On the other hand, from the component spectral 


and the light curve Z,~JZ,, i.e., AM, ~2".9, so that at least one of the com- 
ponents deviates from the mass—luminosity relation. This is apparently 
due to the fact that this is a very close system, with a common envelope, 
so that the two stars continuously exchange energy and matter. Struve 
points to other instances of departure from the standard relation between 
Mand L. For example, for HD698, M, sin?i= 113 and M,sin?i= 45, which 
corresponds to very high luminosity, which, however, according to the 
spectrum (late B type) cannot be greater than -1”. In these and similar 
cases, however, there is always possible contribution from perturbations in 
the radial velocity curve of the spectroscopic binaries, which are very 
difficult to account for and eliminate satisfactorily. 

Since the acceleration of gravity at the star's surface is 


g=Gt (17) 


and the luminosity (assuming a blackbody radiation) is 


L~ R°T%, (18) 
we find 
g~ 7 Ti. (19) 


Since the effect of the absolute magnitude is observed within a given 
spectral type, i.e., for T. ~const, the mass—luminosity relation is in fact 
equivalent to a relation between g and £. Indeed, in cA2 supergiants, for 
example (aCyg), gx 10cm/sec? for luminosities of M,~+-—7" (class Ia), 
whereas in white dwarfs of the same spectral type DA (40 Eri B) ¢*® 
=10? cm/sec? and M, ~ +11". 

For stellar atmospheres in equilibrium at a pressure P (gas + radiation 
pressure) 
1dP MW M 

zee. 


"9 dh a? Re 


(20) 


Introducing the optical depth dt=xgdh, we obtain for the pressure gradient 
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Since “= -2.5lg L4 const = —2.5lg (R?-T‘)+ const, we have 


1g 2 = Ig f (Af) + 04M + 41g T + 1g x + const, (21) 


and since for one of the star sequences we approximately have It ~ L3/!0, 
then 


lg f(M) = —3 M+const = —0.12M + const. 


Therefore, the first and the second term in Eq. (21) for the log pressure 
vary with Af in different directions. Since the contribution from the term 
0.4 ” is greater, we conclude, assuming the transparency to be independent 
of M, that the log pressure gradient in the atmosphere decreases with 
increasing luminosity (i.e., decreasing magnitude ™). 

Detailed study of this problem can be carried out only after the variation 
of M and x with luminosity £ (or magnitude M) has been firmly and conclu- 
Sively established. Numerous astrophysicists, both theoretical and experi- 
mental, are currently engaged on this problem. 

Quite recently stellar masses began to be determined from photoelectric 
recordings of stellar continua (see, e.g., Sky and Telescope, 21:322. 1961). 
The continuum gives the effective 7, and g, and, since the abundance of the 
elements is known, comparison with a theoretical model gives A from 7., £4, 
and then from g and & one computes M@. 

Mel'nikov has further (1948) developed a theoretical method for the 
calculation of masses of long-period cepheids, assuming their masses to 
be independent of the period. This method was independently confirmed 
by the results of P. P. Parenago (1955), who used an entirely different, 
Statistical approach (see Chapter VII). 
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Part Two 


BINARY STARS 


Binary and multiple systems constitute a very extensive class of objects 
in our Galaxy. Asa matter of fact, solitary stars appear to be an excep- 
tion rather thana rule. Our Sun with its giant massive planets, Jupiter 
and Saturn, may be regarded as a multiple system, not unlike the recently 
discovered systems with dark companions whose masses are 10°*—1074 
of the mass of the central body. 

Binary stars are conventionally divided into three groups. This 
division, however, is largely based on observation methods, andnot always on 
physical characteristics. The first of these groups includes the visual binaries, 
discovered by straightforward astrometric observations. Visual techniques 
are currently supplemented on a large scale by photographic measurements 
and very occasionally by interference methods. A better name for this 
group is thus astrometric binaries, and not visual binaries, to emphasize 
that these binaries are identified by astrometric, rather than photometric 
or spectroscopic, techniques. 

Photometric binaries, also known as eclipsing binaries are investigated 
by photometric methods. Spectroscopic binaries are characterized by 
periodic variation of their radial velocities, as observed with a spectro- 
graph. These two methods detect relatively close pairs of stars whose 
orbital planes do not make a large angle with the line of sight. The 
astrometric method is suitable for measuring wider pairs, irrespective 
of the orbital inclination. 
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A.N. DEICH 
Chapter III 
VISUAL BINARIES 


§11. A historical survey. The first telescopes showed that some of the 
stars which appeared solitary to the naked eye were unexpectedly resolved 
into two separate stars. In 1650 Riccioli established the binary character 
of £ UMa — Mizar — with separation of 14" between the components. In 
the years that followed the binary character of Castor, 61 Cyg, «Cen, and 
other stars was discovered more or less by chance. A few dozen of such 
stars had been found by 1775. Christian Mayer published in 1781 a list of 
89 binary stars from his observations with a mural quadrant in Mannheim; 
he further claimed to have noticed the motion of the satellite about the 
primary. This bold assertion was the laughing stock of his contemporaries, 
and the 'planets'' revolving around primary stars were regarded as aproduct 
of hallucination. Ch, Mayer's measurements were naturally of low accuracy 
and went on only for two years, so that they could hardly provide conclusive 
proof of the orbital motion of one star about the other. The idea as such, 
however, was definitely correct and it fitted a similar suggestion advanced 
by Goodricke concerning Algol, whose variable brightness Goodricke 
attributed to periodic occultations by a dark companion revolving around the 
luminous star. Adecade earlier James Michell had proved from probability 
considerations that the existence of a large number of close binaries could 
not be a chance factor. In most cases the components of binary systems 
must be linked by some physical bond. It was William Herschel, however, 
who first obtained undisputable observational proof of the existence of double 
stars. 

Herschel built his own large reflectors and with great enthusiasm devoted 
himself to celestial observations. In 1782 he published the first catalogue 
of 269 double stars. A year later he published his second catalogue listing 
703 binaries and in 1821, only a year before his death, Herschel published 
a third catalogue with 145 new binaries. Herschel measured the separations 
and the position angles and estimated the magnitude and the color of the 
components. The catalogues included stars with separation not exceeding 
2'. The measurements involved considerable difficulties, as Herschel's 
reflectors did not have any clock mechanism, 

Herschel tried to measure the parallaxes of binaries by putting to work 
Galileo's idea for the determination of the parallaxes of bright stars relative 
to weak "optical companions," which are actually much farther than the 
bright star and are observed in the same direction only by chance. Repeated 
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measurements, however, led to entirely different results. Herschel thus 
unquestionably observed the motion of the satellite about the primary in 
some 50 binaries and derived the orbital periods for some of them. For 
Castor the period # was found to be 342 years, which is close to the 
present-day value of 360 years. The dispute around the existence of 
physical binaries was thus finally settled. The year 1803, when Herschel 
published his memorandum on the variation of the relative positions of 
components in binary systems and the possible reasons for this effect, by 
right should be considered the year of discovery of double stars. The 
effects of Newton's law of gravitation were for the first time vividly observed 
outside the solar system, which conclusively established its universal 
applicability. 

William Herschel's son — John Herschel — took up his father's work and 
together with James South added 380 binaries in the North Hemisphere and 
2100 binaries in the South Hemisphere. The list of these new binaries was 
published in 1847. Like-W. Herschel's binaries, these lists included a fair 
proportion of optical binaries, but most of them were nevertheless physical 
binaries with very large orbital periods. 

Although W. Herschel is rightly considered the discoverer of binary 
Stars, it was W. Struve who emerged as the pioneer of exact and systematic 
measurements and developed a routine technique for the observations of 
binaries. Before the establishment of the observatory at Pulkovo, Struve 
carried out observations of binary stars at Dorpat (now Tartu) in Estonia. 
The results of the first measurements made with a transit instrument and 
Trouton's small equatorial were published in 1822 in the form of a catalogue 
comprising 795 binaries. Encouraged by his success, Struve took decisive 
steps toward the acquisition of new and better instruments. After his trip 
to the West and, in particular, his visit to the Koenigsberg Observatory, 
then directed by the notorious Bessel, Struve purchased a new meridian 
transit circle and a Fraunhofer refractor with a focal distance of 4m and 
aperture diameter of 25cm, equipped with a clock mechanism. This 
instrument delivered at Dorpat in 1824 was the largest refractor of that 
time. Struve was reported to have said that his refractor would compete 
with any of Herschel's famous reflectors. It was on this instrument that 
Struve carried out his fundamental research comprising three distinct 
Stages: 1) search for binaries, 2) determination of their equatorial coor- 
dinates, and 3) micrometric meaSurement of the separation and position 
angles. The magnitudes and colors were also determined. The results 
were published in three large folios, Catalogus Novus in 1827, 
Positiones Mediae in 1852 (epoch 1830.0), and Mensurae Micro- 
metricae in 1837. Some 120,000 stars brighter than 9mag. were 
examined in the part of the sky from the North Pole to declination —15°, 
These included 2640 binaries, listed in Mensurae Micrometricae, 
where they are divided into four classes according to the separation between 
the components: less than 4", from 4" to 8", from 8" to 16", and from 16" 
to 32". W. Struve's catalogue has retained its scientific value to this day. 
The double stars from this catalogue are designated in the literature by 5}. 
In Chapter XIV of his treatise Struve considers the, question of parallax 
determination and gives the results of the first determination of the parallax 
of Vega ( p= 0".125), which is in remarkably good fit with the present-day 
value, p= 0".121. 
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In 1839, a new refractor, the largest in the world for some time, was 
erected at the Pulkovo Observatory (f= 7m, d= 38cm). This in a sense 
became the personal instrument of Otto Struve, W. Struve's son, who 
worked with it for 46 years, an unusually long period for one observer. 

The program of O. Struve's observations included the previously discovered 
binaries with considerable relative motions and also close binaries not 
detected by previous observers, who had used weaker instruments. O. Struve 
discovered 547 such stars. In addition todirect observations. O. Struve 
made an extensive study of the biasederrors inthe measurements of binaries, 
in particular the observers' subjective errors. The works of O. Struve 
were published in volumes IX and X of the Pulkovo Annals for 1878 and 
1893. The binaries discovered by O. Struve are designated OX. 

The work of the two Herschels and the two Struves completes the first 
period in the observations of binaries, Among other observers who worked 
in the same period we should mention E. Dembowski, who vigorously 
carried out observations of the Struve stars between 1851 and 1878 in Naples. 
Dembowski's work was published posthumously in 1883—1884 under the 
editorship of O. Struve and Schiaparelli, 

In the last quarter of the 19th century the prevailing opinion was that all the 
double stars accessible to contemporary instruments, at least those in the 
North Hemisphere, had been exhausted. In 1873, however, Burnham in 
America published a list of 81 binaries found with a 15-cm refractor. A 
year later, he found another 100 stars. Without slacking his tempo, 
Burnham proceeded to discover some 1300 new binaries with various 
instruments, including the largest refractors with 90cm and 100cm 
apertures. His success was due to the fact that all the new binaries were 
exceedingly close pairs or had very faint companions, and thus escaped 
earlier detection. 

Burnham's pupil, R. Aitken, with Hussey found 4400 new 
binaries with separations less than 5'' in the part of the sky from the North 
Pole to declination —22° working in 1899 with the 90-cm Lick refractor. 
Table 1 lists the number of binaries discovered by various observers and 
the percentage of pairs with separation less than 2". The percentage of 
close binaries definitely increases in the work of later observers. Of all 
the stars in W. Struve's catalogue, only 17% showed noticeable orbital 
motion; this fact was established by Jackson /1/ who analyzed Struve's 
observations in 1922, i.e., 100 years after his death. If we further omit 
the 7% which are probably mere optical binaries (to judge from their proper 
motions), the remaining 76% prove to be physical binaries with orbital 
periods of thousands of years. O. Struve's catalogue, according to Jackson, 
contains 32% of binaries with noticeable orbital motion and only some 5% are 
optical binaries. A concerted observational effort is thus required in order 
to determine the orbits of the Struve stars. Ludwig Struve, the son of 
Otto Struve, began his observations in 1885 in Russia on the 76-~cm Pulkovo 
refractor, then the largest in the world. The results were published in the 
form of a catalogue comprising 750 binaries, In 1892, however, Struve's 
program had to be greatly curtailed since the large refractor was placed at 
A.A. Belopol'skii's disposal for the purpose of spectroscopic observations. 
Small series of double star observations were carried by S. P. Glazenap 
at the St. Petersburg University Observatory and by P.K. Shternberg and 
S.N. Blazhko at the Moscow Observatory. 
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TABLE 1 


Percentage of 


binaries with 
o<2- 


Total number 


Observer of binaries 


W. Herschel 


W. Struve 15 
O. Struve 40 
Burnham 55 
Aitken 14 


Rossiter 


As new observational material became available, a need was felt ina 
comprehensive catalogue of binary stars. Such a catalogue was compiled 
in 1906 by Burnham. This catalogue contains some 14,000 binaries from 
the North Pole to —31° declination. The rapid growth in the volume of 
observational data led Aitken to publish a new general catalogue in 1932, 
Aitken was more careful in his selection of binaries according to separation 
and apparent magnitude, following his formula lg e < 2.8—0.2m, where g is 
the separation in seconds of arc, m is the total apparent magnitude of the 
pair. According to this formula, the double stars with m= 9.0 listed in 
Aitken's catalogue should have a separation of <10". For stars of 
11.0mag., the separation is <4''. Following his criterion, Aitken was 
forced to drop about one third of the stars appearing in Burnham's catalogue. 
This new ADS catalogue nevertheless lists 17,180 stars in the part of the 
sky from the North Pole to polar distance of 120°, The number of binaries 
discovered in the Southern Sky was less than in the North Hemisphere, as 
the observations were much fewer. In this century, the great work of Innes, 
van den Bos, Rossiter, and other astronomers inSouth African observatories 
led to the discovery of several thousands of new binaries. The number of 
known binaries in the entire sky is now approaching 40,000. A new compre- 
hensive catalogue of double and multiple stars is required. Moreover, 
Aitken's criterion limits the number of binaries, since weak stars do not 
satisfy this criterion. On the other hand, note that only 10% of all the 
recorded binaries show definite relative motion and more or less reliable 
orbital elements could be computed only for 1% of the stars (some 400), 

The present-day phase of double star research is characterized by the 
search for exceedingly weak low-mass companions, and this requires high- 
precision observations. Of considerable interest are the wide binaries, 
identified from their common proper motion. Both these problems are 
successfully tackled by the methods of photographic astrometry. Conside- 
rable attention is devoted to star systems of the Trapezium type. As new 
observational data become available, the significance of statistical techniques 
increases. The various aspects of the problem are considered in the 
following sections of this chapter. 

§12. Observations of visual binaries. The common technique for visual 
measurements of binaries has not changed much since the time of W. Struve. 
We are still using a position micrometer with independently moving hair- 
lines, which enables us to obtain a simultaneous fix of both the primary and 
its satellite. In visual measurements we measure the position angle 6 of 
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the satellite relative to the primary star and the mutual separation @ 
(Figure 16). Photographic measurements give the rectangular coordinates 


xandy. Clearly 


ae oh (1) 
y=ecos0 = Ab. 


Fairly recently, P. Muller at the Strasbourg Observatory /2/ devised 
a new micrometer where a birefringent crystal (a Wollastone prism) gives 
a double image of the star. By moving the 
prism so as to obtain symmetric configura- 
tions of star images, one measures the 
Separations and the position angles. In 
Muller's opinion, the new method is several 
times more accurate than the hairline 
technique. 

The effect of biased errors must be 
carefully considered in both visual and photo- 
graphic observations. These errors are 
determined by a variety of factors, e.g., a 
difference in the stellar magnitudes of the 
companions, their mutual separations, the 
color and spectral type of the stars, etc. 
Observer's subjective errors are also biased, 
especially in visual measurements. When 
observation series carried out by different 
observers are compared, the subjective 
errors are eliminated by making a special 
preliminary comparison between optical pairs chosen as standards or by 
simultaneously measuring the same physical binaries. The instruments 
used in visual observations and in photographic measurements introduce a 
certain error, which may reach hundredths and even tenths of a second of 
arc. To ensure high-precision determination of orbits, these errors 
should be detected and eliminated. 

Photographic measurements are generally more accurate than the visual 
measurements, and the biased errors are correspondingly smaller. The 
visual observations, however, have a definite advantage in measurements of 
close binaries, since the resolving power of photographic emulsions is 
markedly less than the resolving power of the humaneye; moreover, various 
photographic effects distort the true separation of the component images. 
The interference method doubles the resolving power of the visual refracto- 
meter, and periscopic attachments even lead to a further improvement. 

The loss of light, however, is considerable, so that the application of these 
techniques is limited to stars of up to 5—6 mag., and reliable measurements 
require exceptionally good atmospheric conditions. A more detailed 
discussion of the technical aspects of observations of binaries is unfortunately 
beyond the scope of the present Course. 

In conclusion note that when observations of one epoch are converted to 
another epoch, we must allow for the effect of precession on the position 
angle 6, and hence on the coordinates zand y, whereas the separation gis 
not affected. Let Pand P’(Figure 17) be the two positions of the pole on 
the celestial sphere, which has moved in At years by a distance nAt toward 


FIGURE 16 
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the point of vernal equinox y, where n= 20".0 ©0°.0056, In the triangle 
PP’A, the angle at the primary star A is equal to the difference in the 
position angles 6’—6@=A6 that the line A4B(where B is the satellite) makes 
with the meridians AP and AP’. The angle at the pole P is equal to the right 
ascension of the star, and the arc AP’ is 90°—6’. Clearly, 


sin A@ cos 6’ = sinasinnAt. 
The angles being small, we write with fair accuracy 


A@ = 0°.0056 At sin a sec 8’ (2) 


The common proper motion of the pair in right ascension also affects the 
position angle. In Figure 18, the binary AB has moved to the position A’B’ 
in time At. The position angles are 8 and 6’. Without changing the angle 0’, 
we can move the pair A’B’ along the meridian to the point A’B”so that AB and 
A"B” lie on the same great circle. In the triangle PAA’ the angle at the pole 
is equal to the proper motion of the star in right ascension multiplied by 
the timeinterval, i.e., p.At. The angle PA”A4= 180°— 6 and the arc PA= 

= 90°— 6. Then c@gs 0'=cos@cos pzAf— sinOsinyu,Atsind. The angles being 
small, we write 


cos 8 —cos 0’ = sinu, At sinO@ sind 


or 


® _sinpg At sin@sin6, 


hence 
6'—8=Ad=u, Atsinb. (3) 
In general, this correction is much less than correction (2). For 61Cyg, 


a Star with one of the largest known proper motions, p= 4''.1 and 
sin 6 = 0.62. In 100 years, the correction builds up to 0°,07. 


P ng 
(a) £ pt 


Ip 


FIGURE 17 FIGURE 18 


61 


Ch, If]. VISUAL BINARIES 


§13. Determination of orbits of visual binaries. General consi- 
derations. The construction of the apparent ellipse. 
The true orbit of a binary is always observed in projection onto the tangent 
plane, perpendicular to the line of sight. On this tangent plane, also called 
the plane of the sky, we observed the apparent orbit, or the apparent 
ellipse, as distinct from the true ellipse. 

Both stars revolve around their common center of mass, describing 
coplanar similar ellipses. Mostly we measure the position of the satellite 
relative to the primary (in photographic astrometry, the motion of each 
component can in fact be related to reference stars), so that the results 
give the relative orbit. Evidently, the semimajor axis of the relative ellipse 
with the primary at its focus is equal to the sum of the semimajor axes of 
the ''absolute'’ ellipses with their foci at the center of mass of the two Stars. 
The position of the primary, which is situated at the focus of the true 
ellipse, in general does not coincide with the focus of the apparent ellipse 
and in fact it may lie anywhere inside the apparent ellipse depending on the 
projection angle. 

The problem of orbit determination of binaries is divided into two parts. 
First one has to find or construct the apparent ellipse. To this end all 
observations are reduced to the same epoch, corrections for biased errors 
are introduced, and the various data are grouped into so-called normal 
points. The corresponding locus is described by a general equation of 


an ellipse 


Az? + 2Hry + By? + 2G24-2Fy+1=0 


and the coefficients can be found by the least squares method. This 
approach, however, is much too formalistic. The actual times of observa- 
tion are not taken into consideration here, whereas time is determined with 
much higher precision than the coordinates and it would be a better policy 
to use the law of areas, which states that the radius-vector of both the true 
and the apparent ellipse sweeps out equal areas in equal times. The 
apparent ellipse is thus constructed graphically, and the construction is 
checked against the law of areas, which should be satisfied along the entire 
arc covered by observations. Graphical construction also permits omitting 
those observations which markedly deviate from the general trend, being 
distorted by random errors. Note, however, that maximum care should be 
exercised in omitting the "unpleasant" points, especially if the total number 
of observations is not large, as in this case the choice of the best ellipse 
may become quite arbitrary. The observer's objectivity is always an 
unknown factor and the different weights assigned to individual observations, 
though related to the accuracy of the measurements, are never quite certain. 
The construction of the apparent ellipse is a highly responsible and difficult 
task, which actually determines the accuracy of the elements of the true 
ellipse. The observations generally cover but a small arc of the orbit, 
since the orbital periods of the binaries are commonly large. It is not at 
all easy to draw the complete ellipse using a small arc. 

Gintzel-Lingner's technique can be recommended for the construction 
of the complete apparent ellipse from a small arc /3/. Draw two tangents 
at the points B, and B,of the arc, join their intersection point §S, with the 
midpoint M, of the arc segment between B,and B,. The line S,M, evidently 
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passes through the center of the ellipse. Two such lines S,M, and S,M, thus 

intersect at the center of the ellipse C (Figure 19), Points Mj, M..., 
symmetric to the corresponding points of the 
observed arc are then laid off on the other side 


S 4> 52 of the center, and the ellipse is drawn through 
B J them. 
Yo My Orbital elements. Once the apparent 


ellipse has been constructed, we can proceed 
with a determination of the elements of the true 
orbit. There are seven elements all in all. 


4 Two of these characterize the position of the 

/ plane or the true orbit, i.e., its inclination i to 
; \ the tangent plane and the position angle )Q,of the 
/ ‘ intersection line of the two planes. The incli- 


, My nation i is reckoned from 0° to +90°. The double 
M2 / sign implies that the plane of the true orbit 
cannot be determined unambiguously, since it is 
impossible to distinguish the part in front of the 
tangent plane from the part behind the tangent 
plane. The radial velocity of orbital motion enables us to determine the 
sign of the inclination. The position angle Q of the intersection line, known 
as the line of nodes, goes from 0° to 180° counterclockwise. * The angle Qis 
often called the node of the orbit: nodes in this sense are the intersection 
points of the true ellipse with the tangent plane, assuming the line of nodes 
to pass through the primary. If the radial velocity at the node is positive, 
i.e., the satellite moves away from the observer, the inclination is taken 
positive, 
The orientation of the true ellipse in the orbital plane is characterized 
by the angle between the line of nodes and the major axis of the ellipse, 
or equivalently by the arc from the node to the periastron, which is 
measured from 0° to 360° in the direction of satellite's motion. 


FIGURE 19 


The other four elements — the so-called dynamic elements — are the 
orbital period in years P, the time of periastron passage T, the eccentricity 
of the orbit e, and the semimajor axis a of the satellite's orbit in angular 
seconds. 

Methods of orbit determination. The classical methods of 
orbit determination of binaries, proposed at the end of the last century, 
and the more recent techniques developed in this century can be divided 
into graphical and analytical. Zwiers's graphical method (1895) and the 
analytical method of Koval'skii (1873), as improved by Glazenap (1889), 
are among the commonly used techniques, which are described in various 
textbooks /4,5/. We will discuss here the graphical method of Mlodzeevskii 
(1890), which is unjustifiably ignored in the literature, and the Thiele — 
Innes analytical method (1883 —1926), which is fairly often used in current 
work. 

MLODZEEVSKII'S METHOD. Let the apparent ellipse be given, with its foci at 
F, and F, and the center O (Figure 20). Draw a tangent MT at the point M, 
and erect a normal MN; the normal, as we know, will bisect the angle /,YF,, 


* when viewed from inside the celestial sphere. 
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’The tangent itself bisects the exterior angle F,Mf/E. The bisectors of the 
interior and exterior angle divide any line crossing the sides of the angle 
into proportional parts. We thus get 

FT FN 


a 


FT ~ F,N° 


We can rewrite this proportion So that it includes the center QO of the ellipse. 
Since 

Fit _F,\O+0T OT+F,0 

F,T OT—OF, OT—F,O 


and 
F,\N _ F\O+ON _ F,0-+0N 
F,N”~ F,0—ON  “F,O—ON’' 
we have 
OT+F,O F,O+0ON 
OT—F,0 F,O—ON' 
whence 
OT F,O 
10 ON 
or finally 
ON . OT = OF*%. (4) 


We can now proceed with the determination of the elements of the true 
ellipse. Let as before the apparent ellipse be given with its center O and 
foci F,, F, (Figure 21). The primary star A, which lies in one of the foci 
of the true ellipse, and the other focus A’ are projected inside the apparent 
ellipse symmetrically about the center O. Drawing through the point A/a 
tangent MT and a normal MA and joining the points A and A’ to the point ™, 
it is no longer true that the normal and the tangent bisect the interior and 
the exterior angle of the triangle AMA’. In other words, the angle AMS in 
general is not equal to the angle A’MT, The two angles are equal only when 
the line of nodes is parallel or perpendicular to the tangent ST. This follows 
from the fact that the equality of these angles in the true ellipse is conserved 
in projection onto the tangent plane in these two special cases only. 


FIGURE 20 FIGURE 21 


Suppose we have found a tangent ST such that the angles at the point M 
are equal. The intersections of the line AA’ with the normal and the tangent 
are marked N’and 7’, respectively. Then, from equality (4), 


ON’ .OT' =OA?®. (*) 
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For the apparent ellipse an analogous equality is always true: 
ON -OT =OF?. (**) 


Through the projection of the primary star A we now draw lines AK and 
AL parallel to the tangent and the normal, respectively. They meet the 
line F\F, at points K and £. OAL and ONN‘ are similar triangles, and thus 


OL _ ON 
OA” ON’ 


From the similar triangles OAK and OT'T we get 


OK OT 
0A” OT" 
Multiplying the last two equalities, we get 


OL-OK ON-OT 
OA* — ON'-.OT * 


Using (*) and (**), we finally obtain 
OL-OK = OF*. 


This equality shows that the lines AL and A& bisect the interior angle 
F,AF, and the exterior angle *,A8, respectively. One of these lines by 
definition should coincide with the direction of the line of nodes. Thus, to 
find the line of nodes, it suffices to join the primary star A by straight 
lines to the foci F, and F, of the apparent ellipse, construct the angle F,AF,, 
and draw its interior or exterior bisector. 

Which of these bisectors is infactthe line of nodes? Consider the case 
when the primary is projected onto the major axis of the apparent ellipse, 
outside the segment F,F,. The interior bisector then coincides with the 
major axis and the exterior bisector is perpendicular to it. Since by 
assumption the foci of the apparent ellipse are closer to the center than the 
projections of the true foci, the line of nodes is the exterior bisector. 
Similarly, if the primary lies on the segment F,F,, the exterior bisector is 
the line of nodes and it also coincides with the major axis of the ellipse, 
since by tilting the ellipse about this axis we increase the eccentricity of 
the apparent ellipse. If the primary is moved away from the major axis, 
the exterior bisector will remain the line of nodes, and only its position 
will change. Thus the line of nodes is always the bisector of the exterior 
angle forward in the above construction, and the position angle of the line 
of nodes, or simply the node & of the orbit, can be found if the direction 
of the circle of declination is known. 

To find the other elements, consider Figure 22. Here QAQ is the line 
of nodes. The projection of the major axis of the true ellipse is the diame- 
ter a6 of the apparent ellipse through A, A’ and the center 0: The projection 
of the minor axis cd is the conjugate diameter and can be constructed as the 
line bisecting all the chords parallel to the diameter ab. These two 
projections, in general, are not perpendicular to each other. Let the dia- 
meter cd meet the line of nodes at the point £. We construct a semicircle 
using AE as the diameter. Dropping the perpendicular OD from the center O 
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to the line of nodes, we continue it to intersection with the semicircle at 
the point 0’. This is the center of the true ellipse, since the angle AO’E, 
subtended by the diameter AZ, isa 
right angle, and AO’ and O’E are 
directed along the major and the minor 
axes of the true ellipse. We as if 
rectified our drawing, having turned 
it through the inclination angle i 
around the line of nodes. Clearly, 
OD:0O’D=cosi, whence we find the 
element ‘. Dropping a perpendicular 
from the point 4 to the line of nodes 
and continuing it to intersection with 
AQ’, we find the apastron 4’of the 
FIGURE 22 orbit and also the semimajor axis 
a=O'b’. The longitude of the periastron 
is equal to the angle QAI. The 
eccentricity e is obtained as the ratio V'A:O’'II or equivalently OA:0Oa. 

The elements P and 7 also can be found geometrically. Using the law of 
areas, we calculate the areal velocity, dividing the area of the sector of 
the apparent ellipse swept out by the projection ¢ of the radius vector by 
the corresponding time Af. The area of the sector between individual 
observations is measured using a drawing of the ellipse on millimeter 
paper or witha planimeter. Dividing the entire area of the apparent ellipse 
by the areal velocity, we find the orbital period Pof the satellite. The time 
of periastron passage 7 is found from observation times by adding or 
Subtracting the times obtained when the area of the sector primary — 
satellite — periastron is divided by the areal velocity. 

THE THIELE—INNES METHOD, Let the apparent ellipse be given. Draw a line 
through its center and the primary to intersection with the ellipse; this 
gives the projection of the periastron and the ratio 
OA : Oa gives the eccentricity e. The elements P 
and 7 are found geometrically, as above. To find 
the other elements, consider Figure 23. The 
center of the auxiliary sphere is at the primary 4A. 
The satellite 8 moves along the arc of the true 
orbit, whose plane intersects the sphere along the 
arc 2 K; AQ) is the line of nodes. 

The tangent plane makes an angle i with the or- 
bital plane and meets the sphere along the arc QL, 
which is equal to#@--9, 6 being the measured posi- 
tion angle of the satellite. The position of the 
satellite in orbit is characterized by the radius- 
vector r and the true anomaly y, reckoned from the periastron. The arc QK 
is therefore equalto #+v. From the spherical triangle Q2KL, where £ isa 
right angle, we have 


FIGURE 23 


tg (8 — 81) =tg(m+v)cosi, 
cos (w+ v) = cos (8 — 82) cos AL. 
But 
e=rcos KL, 
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so that 
ecos(8— 2) =rcos(w+v) 


and 
esin(8— 83)=rsin(w+z) cusi. 
Expanding the sine and the cosine of sums and differences of angles, we 
multiply the first equation by sin Q, the second by cos 9, and add them up. 
Then we multiply the first equation by cos 2, the second by sin, and 
subtract the second equationfrom the first. This gives 
z=osin8=rcosy(coswsin 82 +sinwcos S2 cos i) — 
—rsinv(sinwsin 22 —coswcos §? cosi), (5) 
y= ecos8=rcosv(coswcos 2, — sinwsin $2 cost) — 
—rsinv(sinwcos 22 +cosw sin §2 cos i), 


We have 
rcosu=a(cosE —e), 
rsinvu=aV 1—e’sin£, 
where a is the semimajor axis of the orbit, e is the eccentricity, and E is 


the eccentric anomaly. Dividing through by a and introducing a new notation 
Xand Y, we get 


: 
zcosu=cosE—e=X, 


~sinv=V1—e'sinE=Y¥. 
X and Y can be calculated for each observation, since by Kepler's equation 


E&—esinE=M, 
ay _. 360° 
M ==> (t—1), 


where ¢ is the time of observation. 
Dividing and multiplying the right-hand sides of Eqs. (5) bya, we write 


2=AX+FY, (6) 
poarcer | 


where 


A=a(coswsin 2,+sinw cos §),cos £), 

B=a(coswcos 2 —sinwsin §2 cos ft). (7) 
F= —a(sinwsin 2Q— cos wcos Q, cos i), 

G= —a(sinwcos 3) + coswsin §2 cos é). 


To find the unknowns A, F, B, G, which contain the sought elements 2, o, ¢, a, 
we require only two normal points chosen in the optimal fashion from 
observations. The problem is also solved by the least squares method using 
all the observations. The coefficients X and Yare conveniently calculated 
from the tables published in Union Obs. Circular No. 71, Appendix, 1926. 

The sought orbital elements are then calculated as sums and differences 
of the Thiele—Innes constants, specifically: 


A+G=2asin? + sin(Q—w), 
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A—G=2ocos + sin(Q +0), 


B-—F=2a sin? + cos (Q —o), 


B+F=2a cos? +-cos (Q +0). 
Hence 
tg (+ ) $y ' 


tg (S{— 0) = ate 


and we have 9, andw. Further, 


t iol —SE_ CO _==O OTS — OS SS 
or A-G sin($Q—o) 8+F cos(St—o)' 


and, finally, the semimajor axis 2 in angular seconds can be obtained from 
any of the four equations above, e.g., 


ALG 


a=—> 


cosec (S2 — ) cosec? + ‘ 


The elements e, P and 7 can be improved by comparing the calculated 
points of the orbit with the observed points. By varying the initial elements 
e, P, and T, we can minimize the sum of the squares of the deviations from 
the calculated orbit and adopt the results as the final orbital elements. The 
position of the satellite is calculated from the orbital elements using the 
standard relations 


pa, M=p(t—T)=E—esin£, 


VY é (8 
r=a(t—ecosE£), tg5= pti es: ) 
tg(8— Q)=tg(v-+w)cosi, @=rcos(v+) sec (8— 82). 


DIFFERENTIAL CORRECTIONS. The elements can be adjusted using new observa- 
tions to obtain differential corrections. We have just written the expressions 
for the calculation of 6 and 9 from the orbital elements, which show that 
the position angle is a function of all the elements except the semimajor 
axis, and the distance is independent of the angle, i.e., 


8=f (St, w, t, e, P, TP), 
e= (a, o, i, e, P, 7). 


If A@ and Ag are the deviations of the calculated points of the orbit from the 
results of new observations, and AQ, Aa, Aw, etc., are the sought correc- 
tions, we can write 


— a of 
: A® ann AL +S Awot ; 
: bo = 22 Ao+ 2 Awt+ 


The expressions for the partial derivatives are obtained by differentiating 
Eqs. (8), which give 


watt. Hf 2 SL = cost (@— Q) sec? (v-+«) cosi, etc. 
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The coefficients are different for different observations, and the sought 
corrections are obtained by the least squares technique. 

OTHER METHODS OF ORBIT DETERMINATION. Numerous alternative methods are 
available for the determination of orbital elements of visual binaries. Some 
of them are slight modifications of the above techniques, For example, the 
method of Anroto and Stuart, as was demonstrated by Kulikovskii, is in fact 
Mlodzeevskii's method /6/. Some methods are further improvements 
and elaborations of older techniques. Special methods have been proposed 
for cases when a short arc of a long-period binary is available from obser- 
vations, such as Rabe's method /7/ or the method of Guntzel-Lingner /3/. 
All these methods, however, fail if the observations cover too short a 
period of time, whereas they are all equally satisfactory if the observations 
cover the entire orbital period. In some cases, special reduction tech- 
niques are used. For example, if the inclination iis close to 90°, the 
apparent ellipse is nearly a straight line. The drawing gives only the angle 
NQ. The other elements can be found by an ingenuous technique, which is 
described in some detail by Aitken /8/. 

In some cases the satellite is so weak that it is invisible. The orbital 
motion of the primary about the center of mass is detected relative to 
reference strs. The projection of the focus of the true orbit, i.e,, the 
projection of the center of mass, is not available inthis case. This 
introduces additional difficulties in the determination of the elements. We 
have to find a certain point inside the apparent ellipse such that the pro- 
jections of the radii-vectors from this point sweep out equal areas in equal 
times. 

As we have mentioned in the preceding, the orbit of very few stars are 
known. In 1938, Finsen /9/ published a catalogue listing the elements of 
196 stars. Of these, some 90 binaries have fairly certain orbit, for 65 
binaries the elements are tentative, and the remaining orbits are uncertain. 
Baise's catalogue /10/, published in 1950, contains 253 binaries with known 
orbits. For numerous Stars, however, two or more systems of elements 
by different authors are given. The number of known orbits has by now 
reached 400 and is steadily increasing. The elements sometimes show 
considerable divergence, especially for the long-period stars (e.g., a few 
decades for the orbital periods, several tens of degrees for the angles, a 
few angular seconds for the semimajor axes, and a few tenths for the 
eccentricity). 

§14. Determination of masses of binaries. Sum of the masses, 
Dynamic parallaxes. Our information on stellar masses is entirely 
based on the study of binary stars. .By Kepler's third law, 


a 
M+ M,= a ’ 
where IW, and I, are the mass of the primary and the satellite, in units of 
solar mass, ea is the semimajor axis of the relative orbit in astronomical 


units, P isthe orbital period in years. Since the observations give the semi- 
major axis in seconds of arc, we require the parallax pof the binary. Then 


M,+M,— (5) pa (9) 
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Of all the variables in Eq. (9), the least certain is the parallax, which 
unfortunately enters this equation to the power of three. The error in the 
stellar masses is therefore mainly determined by the uncertainty in stellar 
distances. A better policy is therefore to solve the inverse problem, 
namely to find the parallax assuming known masses: 


” a” 1 


Pp tm) PP 


It is a fact that stellar masses, especially those of the main-sequence 
stars, show a fairly small dispersion. If we assume that the mass of any 
star is equal to one solar mass, i.e., unity, we will nevertheless obtain a 
satisfactory value of the parallax. To find the statistical average distance 
of stars without using the orbital elements, we can take the equality 


where ois the radius of the circular orbit, equal to the measured distance 
between the components of the pair; vis the arc that the satellite traverses 
in one year, found by dividing the entire observed path by the time of 
observation in years. Taking 2 for the sum of the stellar masses, we get 


o'/3,7/s 
4.3 


The parallaxes calculated in this way for binary stars are known as dynamic 
parallaxes. They are significant in that they give the distances of the more 
distant stars, whose trigonometric parallaxes are unreliable. Some 3000 
dynamic parallaxes are available at present. 

Mass ratio. Astrometric observations give the mass ratio of the 
binary components, which together with the sum of the masses enables us 
to find the individual masses of the components. 

Suppose the position of each component is measured relative to reference 
stars. Let £, and Z, be the distances of the primary 4A and the satellite B 
from the center of mass at any time t. The rectangular coordinates of the 
stars and the center of mass are X,, X,, X,and Y,, Y,, Y.. Clearly, 


Hence 


For the X coordinate we have 


oon DM 
X, =X. 4+ (G— Xs) oa, - 


At some other time 2’, different coordinates will be observed due to the 
effect of orbital motion, as well as proper motion and the parallax. For the 
time t’ we may therefore write 


X= Xt hell —O+ Bhat (X; - XD) tae - 
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This equation has four unknowns: X,, p,, p and Re For the other 
1 = 


coordinate we have a similar equation 
if as 4 ¥ , mM 

Yi=Y.+u,(¢—-# )+ Phy +(¥1—Y.) ane ) 
where two unknowns are the same as in the first equation. Given a sufficient 
number of observations, we can find the sought quantities by the least 
squares method. To ensure a reliable determination of the mass ratio, the 
observations should be spread over most of the orbit, so as to allow the 
coefficients (X, — X,) and (Y, — Y,) to change between significant limits. As 
anexample, Table 2 lists the masses of some binaries from Eggen's recent 
observations /11/. 


TABLE 2 

mM 

Star Spectrum Mpot To 
Sirius A A1V 44.13 2.53 
Sirius 8B WA _ 1.08 
aCen A dG4 +4.30 4.07 
a Cent B dk5 +5.65 0.87 
70 Oph A KOV +5.68 0.82 
70 Oph B = +6.82 0.60 
Kru 60 A dM4 +9.29 0.28 
Krii 60 8B dM6 +10.43 0.17 


According to Eggen, the mass—luminosity relation for 35 visual 
binaries is 


L= mat 
or in the logarithmic form 


Myo = 4.79 — 77.8 le M, 


where Myo. is the absolute bolometric magnitude of the star, 4".79 is the 
absolute bolometric magnitude of the Sun. 

§15. Dark companions, The concept of a dark companion is somewhat 
arbitrary. In a sense, it means that the companion is not luminous and is 
thus invisible. In fact, however, the dark companions remain invisible 
because their luminosity is much too low or they are too near the brighter 
primary. The dark companions may become visible as the observation 
techniques improve. 

The detection of dark companions is a highly complex undertaking. 
Over 100 years ago, Bessel discovered certain fluctuations in the motion 
of Sirius and Procyon after reducing long series of meridian-transit 
observations. This led him to the conclusion that some invisible satellites 
caused perturbation in the motion of these stars. The amplitude of the 
deviations reached 4 seconds of arc, orbital periods of some 50 years 
were obtained, and the masses were comparable with the mass of the Sun, 
Soon after that the mysterious satellites were noticed through the large 


7) 


Ch. OI. VISUAL BINARIES 


refractors and thus reclassified as visible companions. They were found 
to be white dwarfs. 

Much smaller fluctuations, reaching 0"'.6, were discovered for Ross 614. 
It took the 200-in,. Mount Palomar reflector to photograph the predicted 
satellite. Its photovisual magnitude was found to be 14".8, and mass a mere 
0.08 of the Sun /12/. The mass of the primary was 0.145. Both these 
masses are the smallest of the currently known stellar masses. Before 
this determination, the smallest mass was that of the companion of 
Kriiger 60, equal to 0.179 (see last row in Table 2). 

Even smaller fluctuations, reaching 0''.016, were noticed in 61 Cyg /13/. 
The mass of the dark companion which causes these perturbations was found 
to be 0.00895, only eight times the mass of Jupiter. Simple calculations 
show that the radius of the orbit described by the Sun under the perturbing 
influence of Jupiter is 0"'.004 if viewed from the nearest star aCen. This 
value lies at the threshold of modern astronomical measurements using 
photographic negatives. The search for dark companions with masses of 
the order of 0.01% is thus limited to stars not farther than 10 pc. There 
are some 200 known stars within this radius. Table 3 lists data on some 
of the known or suspected dark companions. 


TABLE 3 


n Cas 0437.9 | 457917" : 
0.182 

Ross 614 624 . —2 44 0.08 
0” 250 

Ci 1244 1014. +20 22 0.03 
0” .2411 

Lalande 21185 | 1057 . +436 38 01 
0”. 398 

70 Oph 180. 42 34 0-04 
0”. 188 

61 Cyg ps as +438 15 0.008 


The fourth column of the table lists the apparent visual or photovisual 
magnitudes and the spectra of the visible components. The fifth and the 
sixth column give the orbital elements; the semimajor axis is that of the 
visible star, whose motion is perturbed by the dark companion. The 
seventh column gives the masses of the dark companions and the parallaxes. 
If we are dealing with a binary, it is not always clear which of the two 
components holds the dark companion. There is also a possibility that the 
observed perturbations are the combined effect of two dark companions, 
say. The mass of the dark companion for 61 Cyg was calculated assuming 
a single satellite, and since the two visible stars have equal masses there 
is no point in trying to decide to which of the two stars this satellite belongs. 

The mass of the dark companion is calculated as follows. Let a, and a, be 
the semimajor axes of the absolute orbits of the visible star and its dark 
companion, I%, and I,are their masses. The common center of mass of 
the system is at the focus of the orbits. Then 


a: _ Ty 
a) ~~ Ty . 


72 


§15. DARK COMPANIONS 


On the other hand, by Kepler's law 
(Fee? — Tt, +T,. 


where a,+a, is the semimajor axis of the relative orbit. Eliminating a, 
between these equations, we get 
Ty 


3 
+ 
SC48) on sm, 


which gives 3t,. Since this mass is generally small compared to the mass 
of the visible component, the problem can be solved by successive approxi- 
mations using the equation 


mm, = i (Maem ys (10) 


Here pis the parallax. To first approximation we may take M,= 0 in the 
right-hand side of (10). 

The determination of the mass of the dark companion is further compli- 
cated by the fact that the measurements of the visible component strictly 
speaking refer to the common photometric center, if the invisible companion 
has some luminosity. Let /, and J, be the distances of the geometrical! 
centers of the star and the dark companion from the photometric center, and 
f,and J, their respective luminosities. We may naturally write 


Te Th or 
If L, and L, are the distances of the star and the companion from the center 
of mass, we have 


Ly Wte 
£,+-L, ~ N—N, 


and clearly /,+/,=L£,+L,. Subtracting the first equation from the second, 
we get 


where L, — 1, is the distance of the photometric center from the center of 
mass. Clearly the orbit described by the photometric center and its semi- 
Major axis a are smaller than the true orbit of the visible component and 
its semimajor axisa. Hence, the mass ratio B is greater than that 
obtained from observations, B —fB. Returning to Eq. (10), we can find the 
true mass of the dark companion RN, by calculating the ratio of the measured 
and the true semimajor axes of the orbit. We have 


a HE eget 
Mtl, 1 Ay 442.547" 
AT 


2 
Taking J~M*, we get 


B=—t_= : piso WE A ce Hs, 
a © aa 
2 
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Then 
1 1 a 
B —P2 3S OO "DSS eee SS Se - 
B 14+2.54m/3 4.19 54m ata,’ 
whence 
Boia 1 _ 
Bf a ieee . (11) 
1+2.54™ 


When Am= 0, i.e., when both stars are of equal luminosity, the photometric 
center coincides with the center of mass, and its meaSurements do not 
reveal any orbital motion. For Am= 2, we see from (10) and (11) that the 
mass of the dark companion shouldbe increasedby a factor of 1.6. For Am=4, 
it should be multiplied only by 1.1. 

Eq. (11) was derived assuming a cubic mass—luminosity relation, which 
is however not always true. Moreover, the difference Am should be taken 
in bolometric magnitudes.* It should be kept in mind, however, that the 
calculation of the factor Bis in principle highly approximate, since the 
luminosities of the dark companions are not known and for very close visible 
components the determination of Am and the measurement of the photometric 
center are unreliable. On the average, Eq. (11) shows a good fit with 
observations, as we see, e.g., from van de Kamp's data /14/. 

§16,. Wide pairs. The angular separation criterion adopted by Aitken in 
his definition of double stars is not satisfied for numerous faint stars, 
although the physical bond between them is unquestionable. A striking 
example of such distant satellites is provided by the 1! mag. star discovered 
by Innes in 1915; Innes assigned it to the a Cen binary from considerations 
of proper motions. Parallax measurements of the weak companion 
confirmed the existence of a bond between these stars, Table 4 lists some 


data on the triple system aCen. 


TABLE 4 
1900,0 
Star ig D Sp Ue v6 Pp 
a | é 
A |44"32™.8] —60°25'| 0.3 | Go : : 
B 14432 .8|—6025| 4.7 | K5 —3°.61 | +-0".70 | +0°.751 
c |1422 8| —6215] 11.0 |M —3 .75| +0 .87 | +0 .762 


The orbital elements of component B relative to A are the following: 


P=80 yeas = w=52°.1 
T=1955.8 = 25°.4 
e=0.52 i= + 79°.2 
a =17°.66 = 23.2 au. 


The mass of each star is one Solar mass. Given the parallax and the 
angular distance of the weak satellite from the center of inertia of the two 


* Finally the equality I, : /,=J,: /, should be replaced by 2, : |,= D(/.) : D(J,), where D is the photographic 
density of the image, with allowance for the sensitometric properties of the plate. 
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bright stars, we find 10,500 a.u. for its linear distance. Taking 11,000 a.u. 
as the approximate radius of the circular orbit of the weak companion, we 
obtain 730,000 years for its orbital period and a mean annual orbital motion 
of 0".07 or about 0.3 km/sec. The difference in the proper motions of AB 
and C is three times this figure, but the order of magnitude is correct. 

The satellite orbit is possibly not circular, The spatial velocity of a Cen is 
32 km/sec. The orbital motion of the distant companion is thus much less 
than the spatial velocity of the stars. If such a system were distant 100 pc 
from the Sun, the angular radius of the orbit of the weak companion would 
be about 1 minute of arc, its orbital motion would be a few thousandths of 

a second, and the proper motion would be noticeable, 0''.04., 

An interesting example of a wide pair is provided by the star BD + 
+ 4°4048 (a= 19°12".0, 6= +5°1', 1900.0), for which van Biesbroeck found 
a weak companion at a distance of 74"" with a common proper motion of 1".4, 
The measured parallax of the weak companion was found to be equal to the 
parallax of the primary (0"'.168 + 0.004). Both stars are of spectral type 
M, apparent visual magnitudes 9".1 and 17".9. The absolute magnitude of 
the companion is thus +19".0, which is the highest absolute stellar magnitude 
currently known. The separation of 74" is 440 a.u. in linear dimensions 
(ignoring the projection effect). The formal orbital period is 9000 years, 
and the annual orbital displacement is 0".05. 

It follows that common proper motion of two stars with fairly large 
mutual separation and inconspicuous orbital motion is often a sufficient 
criterion of a physical bond between the two. Since the concept of a wide 
pair is not strictly defined (we cannot establish the exact limits for distances 
between the components), a better term would be double stars with common 
(in magnitude and direction) proper motion. For example, there is a pair 
of stars in Ursa Major (known as i and 10) with a separation of 6° which 
have identical parallaxes and very close proper motions (see Table 5). 


TABLE 5 
1950 0 
1 uu. 
Star my rs | e Sp u © Pp km /sec 
i 3.4 | 8'55.8]4-48°14'| AS 07.500 240°.2 | 07.066 +26 
10 4.1 | 857 .6/142 vo F5 0 .502 | 238 .8 0 .070 +13 


Each of these stars has a near companion, and the companion of : UMa 
is itself a close binary. The linear separation between : and 10 is 1.4pc, 
which is approximately the mean interstellar distance in the Sun's neighbor- 
hood. On the other hand, there are some very close binaries with common 
proper motions whose orbital motion has not been detected, although there 
is undoubtedly a physical bond between them. Table 6 lists some double 
and triple stars with common proper motions observed in Kapteyn's areas. 

Stars in areas 15 and 68 are typical examples of triple systems where 
two stars form a close binary and the third lies farther off. Star No. 137 
is a very close pair whose components merge into a single extended image 
in photographs. The separation of the components is about 3''. The stars 
listed in the table in areas 29 and 35 are not numbered in Kapteyn's 
catalogue. 
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TABLE 6 
Area Star ™ oh e” Hy (0".00f) | w,, (0".00!) | Spectrum 
15 175 14.6 —71 +81 G8 
176 12.3 24 —68 +94 = 
86 11.4 762 —69 +96 G7 
18 508 12.9 +54 +52 G—K 
58 
852 12.2 +50 +50 G1 
29 _ 7.2 —76 —93 FO 
54 
= 13.2 —59 —98 -- 
35 _ 17.0 io —90 +122 
_ 17.0 —102 +118 
68 137 bin. 11.3 +35 —24 FS 
305 
138 13.8 +32 —28 Go 


In the great majority of cases neither the distances of stars nor their 
spatial velocities are known. Therefore, two stars with common proper 
motions observed in one direction may in fact lie at widely different dis- 
tances from the Sun and have completely different spatial motions. Let us 
calculate the probability that such pairs are mere optical binaries, 

Let some area X(e.g., on a photographic plate) covering a certain 
number of square degrees on the sky contain N stars distributed at random. 
Let us take a small area o and calculate the probability of finding n stars in 
that area. The probability of finding one star inside the area o is o/3. For 
any combinations of rn stars out of the total of VN, the probability of finding 


n Stars in the area ois 
P,=Ch($ (4 -=)". 


The last factor indicates that N —n stars must remain outside the area o. 
As ais small, the last term is close to unity and can be dropped. 
The sought probability can also be obtained from Poisson's formula 


fel n 
(<4) = 
z ~—_—wWN 
Pia 4 e F", 


which has been tabulated for various values of = N and n (see, e.g., Boev, 


G.P., Teoriyaveroyatnostei (Probability Theory). 1950). 

For direct comparison with observational data we require not the proba- 
bility but the expectation value of the number of binaries in the entire area 
Z. To this end we should multiply the probability P, by the number of 
subareas o, which is equal to Z/o. The expectation value is thus 


P,z=Cn(s)”. (12) 


The proper motions of stars may be represented by vectors originating 
at a common center and terminating on some area S, This is the area of 
the ring between circles of radii p,andp,. The probability that the compo- 
nents of a double or a multiple star will have equal (in magnitude and 
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direction) proper motions with a probable error of e/n is clearly (4 ) 
where s is the ares ofacircle of radius e Yr. Here e is the probable error of one 
proper motion, The expectation value of this event is (3). 


The expectation of the number of double and multiple stars whose compo- 
nents lie inside the circle o and whose proper motions differ in magnitude 
and direction at most by e/n is thus 


E.V.=Ch($)"'($)"". (13) 


The distribution of proper motions is assumed to be isotropic (all direc- 
tions being equiprobable). If we wish to take into consideration the 
preferred directions of proper motions associated with parallactic displace- 
ment and Kapteyn's streams, we require the distribution as a function of 
the position angle g. In practice, this distribution can be found by a direct 
count of the points — the ends of the vectors p in Kapteyn's diagrams. 
Smoothing the results of these counts over different position angles, we 
obtain the ratio s/S as a function of g. This ratio is found to change by no 
more than a factor of 4. The change is noticeable mainly for large proper 
motions. 

Consider the following example. Let a Kapteyn area of 1 sq. degree = 
== 3600 sq. minutes contain 30 stars with proper motions 


0".030 > p > 07.015. 


The area of the circle 0 is 12 sq. min. The probable error of each proper 
motion is «= +0.003. 

For two stars the radius of the error circle in this case is V2.0"'.003 = 
~0".004. The ratio of the area s of the error circle to the area Sof the 
ring between the circles of radii p,= 0''.030 and p,= 0''.015 is 


$ » 


eer) 
(inhomogeneities in the distribution of pare ignored). For 


a 1 
the expectation value is 1/30. In practice, the number of these double stars 
is greater by one order of magnitude, which points to a significant physical 
bond between many of them. 

The above expectation value, as we have noted, strictly refers to the 
directions to the stars and the projections of their motions on the tangent 
plane. However, just as proximity of two directions in space and similarity 
of velocity projections are little probable, the probability that two stars 
accidentally occupy near positions in space and accidentally have similar 
spatial velocities is negligible. This goes to show the high probability of 
a real physical bond between close stars with similar proper motions. 

§17. Triple and multiple stars. Triple and multiple stars are also 
a fairly common phenomenon, and as the observation techniques improve 
it becomes clear that some of the binaries have in fact three and more 
components. 
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A good example is ¢UMa, a double star known from antiquity: Alcor, 
the companion of Mizar, is a 4 mag. star visible with a naked eye at an 
angular distance of 11' from the primary. In 1650 Riccioli resolved Mizar 
through a small telescope into two stars of 2 and 4 mag. with a separation 
of 14". At the endofthe 19thcentury, the brighter component of Mizar was 
found to be a spectroscopic binary with a separation of merely 0.012 between 
the components. As the parallax is known (0"',04), all the distances in the 
t UMa system can be calculated; these are in descending order 16,000, 300 
and 0.3 a.u. Another example is the sextuple star a Gem, Castor. Two 
components were resolved at the beginning of the 18th century and 
W. Herschel first established its orbital motion; the orbital elements are 
known withfair certainty at present. The eccentricity is 0.4 and the semi- 
major axis is 5''.8, which for a parallax of 0"'.07 is equal to 83 a.u. At the 
19th century a distant satellite with common proper motion was found at 
a distance of 73"', or 1000 a.u. At the end of the 19th century and during this 
century, each of the components was identified as a spectroscopic binary 
with periods of 2.9, 9.2, and 0.8 days for stars A,B, and C and orbital 
radii of about 0.02 a. u. 

No less interesting is the star  Cancri, whichis a quadruple star with 
the two components A and B separated by 0"'.9 and an orbital period of 60 
years. The third component C is distant 7.3 from the first two; its 
motion is perturbed, and O. Struve back in 1875 attributed this perturbation 
to the existence of a dark companion D. The orbital period of AB and CD 
about the common center of mass is 1140 years, and the orbital period of 
D and C is 17 years with a= 0".24, The mass of each of the four stars is 
approximately equal to the mass of the Sun, and since D is an invisible 
companion it must be a low-luminosity white dwarf. 

Another well-known quadruple star, e Lyr, has been recently studied 
anew /15/. The following tentative orbital elements were obtained for each 
pair (Table 7). 


TABLE 7 


P 
years © ‘ 


Stars 


1152.4 
1644.5 


29° 
17 


1166 


€, (AB) 
585 


&2 (CD) 


The similarity in the elements i and 9, points to coplanar orbits, i.e., 
orbits lying in parallel planes. During the 100 years of observations, the 
separation @= 208".0 and the position angle 6= 172°.3 between the two 
pairs of stars in eLyr did not change much. If we assume that the common 
orbit is coplanar with the orbits of each pair, the spatial distance between 
the two pairs is found to be 13,600 a.u. Seeing that the average spectra of 
all the stars in eLyr are of type A3 and the sum of the masses is approxi- 
mately 10 solar masses, we obtain an orbital period of about 300,000 years. 

Triple and multiple systems of the greatest significance are those where, 
as in the above systems, a clear division into pairs of stars or pairs and 
solitary stars is possible. The orbital motion in these systems is elliptic 
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and the perturbation due to the distant companion is not very prominent. 
These systems are therefore highly stable and move in Keplerian orbits 
for indefintely long time. The situation is entirely different in some triple 
and multiple stars where the distances between the components are all 
comparable. These systems can be treated as an open cluster with very 
few stars, As the stars in a cluster encounter one another, some stars may 
acquire supercritical velocities and escape from the cluster, which 
gradually dissipates. Triple and multiple stars of the open cluster type or, 
to use Ambartsumyan's term, of the Trapezium type (after the multiple 
star 6’Ori, the Trapezium in Orion, whose four components form a 
trapezium) are thus inherently unstable formations which break up fairly 
rapidly. The small number of Trapezium-type multiple stars confirms 
this conclusion: these are young stars of early spectralclasses. Wallenquist 
/16/ examined the 2771 triple and multiple systems in Aitken's and Innes's 
catalogues below 9 mag., and found only some 400 Trapezium-type systems. 
The selection criterion was the ratio of larger to smaller distance. All 
stars with this ratio greater than 3 are classified as ordinary multiple stars. 
Ambartsumyan /17/ has shown, however, that Trapezium-type systems 
may include optical trapeziums and even pseudo-trapeziums, i.e., ordinary 
multiple systems which appear as a trapezium only in projection onto the 
celestial sphere. While the optical systems are relatively few, the pseudo- 
trapeziums are much more numerous. According to AMbartsumyan, the 
probability that a normal multiple system is projected into pseudotrapezium 
is 0.09. Thus it seems that more than half of the 400 systems classified 
by Wallenquist as trapeziums are in fact pseudotrapeziums. Calculations 
further confirm that the percentage of real trapeziums among A~—K stars is 
negligible, whereas it is much larger for O—B stars. A number of 
Trapezium-type systems are found in O clusters which in their turn are 
nuclei of stellar associations. 

A typical example of a Trapezium-type multiple star is the Trapezium 
in Orion, where the separations of the four stars A,B,C,D are AB = 8".7, 
AC = 13".1, AD = 21".6. Studies of the internal motions in this system, 
which is about 400 pc from the Sun, do not give at this stage any reliable 
data on the trajectories of the individual stars or any indication of a 
common expansion of the system. Ambartsumyan's catalogue of Trapezium- 
type systems lists 108 multiple stars with most of the components at mutual 
distances of from 0,02 to 0,2 pc. In individual trapeziums the separation 
may reach almost 1pe. The number of components is up to 7. 

§18. The statistics of double and multiple stars. We have commented 
above on the great frequency of double and multiple stars in the Galaxy. 
The exact ratio of the number of these stars to the number of solitary stars 
is hard to establish, since it depends on the conditions of observation and 
observational selection. The observational selection effect invariably 
distorts the statistical results, a point to be remembered in statistical 
analysis of general regularities. In the immediate neighborhood of the Sun 
the selection effect is less significant, since the observations Supply a more 
comprehensive sample. Table & lists the results for three spherical volumes 
centered at the Sun with radii of 5,10, and 20pc, for which the observations 
give the total number of stars, and the number of solitary, double, and 
triple stars. The last row gives the corresponding data for stars up to 
15 mag. with proper motions p>0"'.015, obtained for the 115 northern 
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Kapteyn areas uSing similarity in proper motions /18/. The radius of the 
sphere containing these stars is approximately 500 pc. 


TABLE 8 
tal 
Volume ae Solitary | Double Triple rie) Ke 
stars 
p20" .2 55 34 9 2 35% | 229, 
p> 1 257 143 45 8 37 418 
p20 .05 1076 745 134 21 21 16 
peo .002 7466 7087 149 27 2.5 | 18 


The last two columns give the percentage of double plus triple stars 
relative to thenumber of solitary stars (X,) and the percentage of triple 
stars relative to the number of double stars (X,). Each pair and each triplet 
are counted as one. The percentage of double and triple systems is seen 
to decrease with increasing volume because of observational limitations; 
the percentage ratio of triple to double stars, on the other hand, remains 
virtually constant (18% on the average). 

Numerous studies have shown that double stars are not a unique group 
and do not differ in any way from the field stars of the Galaxy. Their 
kinematic properties, distribution in space, galactic concentration, and 
spectral characteristics are exactly the same as of solitary stars of corre- 
sponding subsystems and types. Wide pairs do not differ from ordinary 
binaries inthis respect. The components of binaries may be stars from 
different sequences of the Hertzsprung~Russell diagram, and this also applies 
to the wide pairs /19/. Combinations of main sequence stars with white 
dwarfs are also possible. W. Luyten compiled a list of 32 pairs of this 
type /20/. Among these there is one double star LDS 275 with white dwarfs 
for both its components (d19559 = 9°35".0, 8,950.0 —37°07', p= 0'.37, mpg= 
= 14.6, m= 15.0, @= 3".7, @= 37°). According to Luyten's preliminary 
calculations, the period of this star is P= 685 years and the semimajor axis 
is a= 5".2, which for a hypothetical parallax of p= 0".06 gives a= 87.5a.u. 
The sum of the masses is 1.40, 

The difference of the apparent magnitudes Am for double stars is equal 
to the difference of absolute magnitudes AM, The luminosity of the compo- 
nents may differ by as much as 10 magnitudes and statistical analysis 
taking account of observational selection shows that this luminosity difference 
is equiprobable for all AM values. The relation of AM to differences of 
spectral type for main-sequence stars on the whole follows the well-known 
regular trend, according to which the weaker component corresponds to a 
later spectral type. However, as we have noted above, in some combina- 
tions this trend is not observed. In giant systems the satellite is generally 
of the earlier spectral type. In some cases the components of one spectral 
type may greatly differ in luminosities. 

The frequency of distances from the primary, or more precisely the 
distribution of the semimajor axes of the orbits is more difficult to deter- 
mine as it is greatly affected by lack of reliable data on stellar parallaxes, 
as well as by observational selection. Statistical reduction of observational 
data shows that the number of satellites decreases with increasing 
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separation between components. This refers to the distribution of satellites 
in projection onto the celestial sphere. If we consider the spatial distribu- 
tion of satellites, combining the primaries at one point, we can introduce 
the concept of the spatial density of satellites o, as a function of the distance 
r between the components. Statistical data give 


owner’, 


The number of satellites is thus inversely proportional to the distance from 
the primary. In other words, this is the frequency of the semimajor axes. 
According to Ambartsumyan /21/, the density o in case of statistical 
equilibrium in the distribution of the semimajor axes is proportional to rs, 
Comparing these two distributions with observational data we conclude that 
the semimajor axes of binaries are definitely not in statistical equilibrium 
since in this case the number of binaries should increase with increasing 
distance @. 

Turning to the distribution of masses in binaries, we see that widely 
different mass combinations are equally probable, down to systems with 
planet-like companions, as we have seen above. This conclusion fits the 
wide range of possible AM values. Kuiper found /22/ that the percentage 
of binaries among stars with masses greater than the Sun's is higher than 
among low-mass stars. This is possibly due to observational selection, 
since stars of higher mass are generally stars with better pronounced 
orbital motion of the satellites. 

Numerous analyses of various relations between the orbital elements of 
binaries failed to reveal any significant statistical correlation. The most 
remarkable period — eccentricity dependence is probably a result of 
observational selection. Observations sometimes show that the eccentricity 
increases with increasing period. Binaries with large orbital periods are 
more often detected for large eccentricities than for circular orbits, since 
fast motion near the periastron is easier to detect. In short-period stars, 
conversely, circular orbits are easier to detect, since in highly eccentric 
orbits the position of the satellite near the apastron drops out, its motion 
there being too slow to be detected from the relative displacement of the 
components. * No period — spectrum relation was observed for visual 
binaries. 

The tables below give numerical data which support the above analysis. 
According to Wierzbinski /23/, whos analyzed about 400 visual binaries 
with known orbits, the dependence between period and eccentricity is as 
shown in Table 9 and 10. 


TABLE 9 TABLE 10 


P, years | N | e | P, years e | N | P | @ 


0—40 94 0.444 21.78 0.00—0.20 48 | 175.00 | 0.414 
EON a a ue 0.20—0.40 80 | 108.91 | 0.285 
155160 35 0505 Arter 0.40—0.60 | 109 | 148.41 | 0.491 
160—300 54 0.540 229.5 0.60—0.80 84 | 211.16 | 0.696 
a0 = 00 15 0.479 384.8 0.80—1.00 57 | 146.86 | 0.869 
—700 9 0.5 06. = 
pala aa 4 oe Ane 0.00—1.00 | 378 | 157.14 | 0.502 
4100—1550 3 0.374 | 4280.5 


" At the periastron the components are sometimes not separated. 
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The correlation coefficient between these elements was found to be 
r= +0.07+0.05 (mean error), which fails to support the dependence of Pon 
ée. The distribution of stars in Table 10 is fairly symmetric about the 
maximum at e= 0.5. Couteau /24/ gave a more detailed frequency of 
eccentricities for 400 binaries and compared the results with the empirical 
relation f(e)=A(e — e”)« (Table 11), 


TABLE 11 
e | % obs, | % calc 
TABLE 12 

0.0—0.1 3.4 aa 
Hee a 8. Spectral type N B, 
0.2—0.3 12.4 41.4 | cua migt SS Ay e P, years 
0.3—0.4 10.7 12.9 
0.4—0.5 13.4 43.7 
0.5—0.6 14.4 13.7 
0.6—0.7 12.2 42.9 
0.7—0.8 10.7 41.1 
0.8—0.9 8.8 8.4 
0.9—1.0 46 4.0 


The frequency of spectral types in visual binaries with the corresponding 
eccentricities and periods are listedin Table 12. We see that there is no 
dependence whatsoever between these characteristics, The spectra are 
those of the primary component, The data for the geometrical elements 
i, Q, o, the eccentricity e, and the period P fail to reveal any relation 
either. The correlation coefficients are very small with errors of the same 
order of magnitude. The semimajor axis a and the eccentricity e are not 
correlated. Kepler's third law, however, lead to a certain correlation 
between a and P: 


r= +0.51 + 0.04. 


No correlation between i and a was observed (Table 13). 


TABLE 13 
a | N | i 

0”.00— 47.00 286 52°.0 

1 .00— 2 .00 52 52 .8 

2 .00— 5 .00 27 49 .5 

5 .00—10 .00 9 50 .1 = 
>107.00 4 56 .2 
a<30” | 378 | 51.9 


In conclusion, let us briefly consider the question of coplanar orbits 
for double and multiple stars. The parallel spatial attitude of the orbits 
of binaries near the Sun was repeatedly investigated, always with negative 
results. The orbital planes are randomly oriented in space. Agekyan /25/ 
considered the coplanarity of orbits in multiple systems, but in his usage 
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coplanarity was defined as coincidence of orbital planes inside the system. 
The problem was solved statistically, by studying the mutual position of the 
components in multiple systems. Also, 59 stars withknown orbital elements 
were used. Comparison of theoretical findings with observations provided 
Agekyan with partial confirmation of the coplanar nature of orbits in triple 
and quadruple systems. 
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Chapter [V 
SPECTROSCOPIC BINARIES 


§19. Radial velocity curves. Stars with variable radial velocity were 
discovered in 1889, Variation of radial velocity was first observed in the 
spectra of [UMa andf Per. Periodic shift or splitting of spectral lines 
are often the only clue of the binary nature of these stars. Among the spec- 
troscopic binaries, only about one sixth show periodic line splitting. 
Whether the spectral lines of the secondary component are visible or not 
naturally depends on the luminosity ratio of the two stars. If the difference 
in magnitudes is over 0”.7, the lines of the secondary component remain 
mostly undistinguishable. It is difficult to draw a fixed boundary between 
spectroscopic binaries and visual binaries. The currently known spectro- 
scopic binaries have periods ranging from a few hours (0.1084 day for y UMi) 
to 15 years (e Hya) and more (e Aur and others), 

The determination of orbits of spectroscopic binaries is fundamentally 
different from the determination of orbits of visual binaries. The main 
difference is that for a visual binary one mostly determines the orbit of the 
satellite relative to the primary component. The absolute orbit can be found 
only if the mass ratio of the two components is known, and the linear 
dimensions (in kilometers or astronomical units) can be obtained only if the 
parallax of the system is additionally available. 

In the case of spectroscopic binaries, on the other hand, we determine 
the orbit of one or both components relative to the center of inertia of the 
system. Determination of the orbit diameter does not require knowledge of 
the parallax, but the result invariably gives the major axis multiplied by 
sini. The position of the line of nodes cannot be determined, although the 
time of passage through the nodes can be found without difficulty; for 
spectroscopic binaries w is the angular distance of the periastron from the 
ascending node in the direction of orbital motion. At the ascending node 
the component star has maximum positive velocity. 

Additional elements have also to be considered. These include the period 
P, expressed in mean solar days, whichis generally the observed period 


and because of the finite velocity of light we have for the true period P, 
P 
y 3 
14+ 
where y is the radial velocity of the system's center of mass; the half- 
amplitudes kK, and K,of the radial velocity curves of each of the components 


o= 
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(K, +, is the half-amplitude of the radial velocity curve of one component 
relative to the other); the semiaxes a, and a, of the component orbits relative 
to the center of inertia of the system; the inclination i defined as the angle 
between the orbital plane and the plane of the sky (spectrographic observa- 
tions do not give the inclination). 

Of the various methods for the determination of the orbital elements of 
spectroscopic binaries, the most convenient are those of R. Lehmann- 
Filhés and Irwin /1/. Other methods have been proposed by 
Schwarzschild, Russell, Zurhellen, King, and others. The Lehmann- 
Filhés method is the one most commonly used and corrections to tentative 
elements are obtained by the least squares technique. 

The main part of the job is the construction of radial velocity curves 
and determination of the period. Formally, the orbital elements can be 
determined if the radial velocities are known for six different times. In 
practice, however, much more numerous observations are required, 
spread fairly uniformly over the different phases of the period, and it is 
from these observations that the velocity curve is constructed. If the 
period is very short (a few hours), it can be readily found after a single 
night of observations. Such instances, however, are very rare. The 
period generally must be found by successive approximations. The 
following method can be used for the determination of the period in the first 
approximation. The observations are plotted on graph paper. A convenient 
observation series is then chosen (fairly frequent observations are essential) 
and plotted on transparent tracing paper. The transparency is then moved 
in the horizontal direction across the main plot (taking care not to change 
the corresponding ordinates) until the best fit is achieved. In this position, 
the time covered by observations is clearly equal to the period or is a 
multiple of the period. Exact determination of the period requires different 
observation series at an interval of a few years. All the observations are 
reduced to a time covering a single revolution; this is done by subtracting 
multiples of the period from the later observation epochs. Deviations from 
this curve at points of maximum and minimum for the most separated 
epochs indicate in what direction and by what amount the period should be 
adjusted. A more exact treatment utilizes the middle part of the velocity 
curve, where the change in velocity with phase is the fastest. This approach, 
however, is practicable only if the successive correction is small; other- 
wise an error of as much as one half-period is possible. 

The initial epoch of the curve is chosen somewhat arbitrarily; the best 
choice is the epoch when vp, is equal to the velocity of the center of inertia y, 
and the difference (v, — y) changes its sign. 

If the variation amplitude of the radial velocity is small, the significance 
of the effect can be established, according to Schlesinger, by dividing all 
the observations into groups with vu, falling between v, and v, +Av,, where v, 
is a whole number of km/sec, and Av, is 1 or 2km/sec. The number of 
observations in each interval is counted: it is proportional to the frequency 
of occurrence of the corresponding v,. The frequency curve obtained from 
observations is compared with the curve of random errors; this provides 
an indication of the likelihood that the star being considered is indeed a 
spectroscopic binary. Depending on the values of e and, the deviations 
from the error curve will show a definite systematic trend. 
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The shape of the velocity curve gives an indication of the orbital 
elements. Figure 24 shows three typical velocity curves and the corre- 
sponding orbits. The points a, ’ of the curve correspond to the points a2 and 
6b of the orbit where the radial component of the orbital velocity vanishes, 
The points ¢ and dcorrespond to nodes. The velocity curve corresponding 
to a circular orbit (A) is a sine curve witha, c,b, and d spaced at equal 
intervals. For an elliptic orbit (B and C), the radial velocity curves vary 
depending on e and (w= 0° for B and w= 270° forC ). 


YUe_ 2) OL 


iS) 
> 


ad Cc 
FIGURE 24 
§20. Fundamental equations for the determination of orbits. The 
Lehmann-Filhés method. Let r and v be the radius-vector and the true 
anomaly of the point S in the orbit relative to the center of inertia of the 


system and z the projection of the radius-vector on the line of sight. 
Then 


z=rsinisin(v+o). (1) 


The orbital component of the radial velocity v, is equal to & and is expressed 


in km/sec. Hence, 


& =sinisin(v+o) 2+ rsinicos(v-+-a) 2. (2) 


From the general equations of elliptical motion we have 


dv pa(i+ecosv) _ 20 
at V 1-2 (u= P (3) 
dr pasinu 
a 1-2 ? (4) 
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whence 
dz _—ipasint 
a ae [ecos m+ cos (v+ @)]. (5) 


This is the fundamental equation for the determination of orbits of spectro- 


Scopic binaries; v,is related to —s by the equality 


d: 
v=o +y. (6) 
The line corresponding to v,=y in radial velocity curves is called the y 
axis, 

It follows from Eq. (5) that for v+= 0 or 180°, a reaches its maximum 
absolute value. Since w is reckoned in the direction of motion from the 
ascending node to the periastron and v from the periastron in the same 


direction, 4, | clearly reaches its maximum value at the nodes. Let A and 


B be the values of ae at the nodes, reckoned from the y axis, and K the half- 


amplitude; then 


— _hasint 
V i—e ’ ) 
A=K(1+ecoso), (8) 
B=K(1—ecosw), (9) 

A+B 
ATF HK, (10) 
4-8 = Kecos a, aa =e€Ccos @. (11) 
Eq. (6) takes the form 

v,= y+ [ecosw+cos (u+ @)] = y+ a + ate cos(v+@). (12) 


Sometimes the ordinates are reckoned from the middle axis, A=B, and not 
from the y axis. In this case 


v,=y +Kcos(v+o). (13) 


In Eq. (7) time is reckoned in days and K is expressed in km/sec. 
Reducing to a common time scale (seconds), we find 


a sini=8.64-10°3? V1— et, (14) 


Eq. (14) can be written separately for the two component orbits (subscripting 
aand K with 1 and 2). 
From Kepler's third law 


M+ M, = Star” (15) 


where the mass is measured in units of the Sun's mass (O= 1), a,+a, is 
expressed in astronomical units, and Pin years. Since 


1 Ms 
a, WW,’ 
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we have 
a, +¢,=a, tm (16) 
Inserting (16) in (15) and multiplying both sides by sin3;, we get 
(OR, + M,) sind = J, (EM) a8 sind, (17) 


Inserting a,sini from (14) and changing over to days (in P) and kilometers, 
we find the mass function 


TY sin? i 7 
f= geepange = 1-038-10°7KEP (1 — 08)”. (18) 


If only the lines of one component are observed, we can only determine 
P,e, , f;, anda,sini. If the lines of both components are observed, M, sin?i 
and §R,sin’i can be obtained separately: 


(a, +a,) sin i = 1.375-10*(1—e?)'/" (K, + K,) P, (19) 
(M, + M,) sin? i= 1.038- 1077 (4 — e?)°/ (K, 4+ K,)° P, (20) 
Mt, sin? i = 1.038-10°7 (1 — e?)*? (K, + K,)? K.P, (21) 


M, sin? i= 1.038- 10-7 (1 — e*)/? (K, +.K,)? KP 


and 


mt Ky 
ae a (22) 


Using (16) we find a,sini and e@,sini separately. 

Let us now consider the determination of the orbital elements according 
to the Lehmann-Filhés method. The y axis is first located on the radial 
velocity plot. Since it corresponds to the center of inertia of the system, 
the curve encloses equal areas on the two sides of the y axis. Now, since 
the orbit is also a closed trajectory, the y axis is clearly determined from 
the equality 

t=P 


dz 
a, at =0. (23) 
t{=0 


In Figure 25 the areas DAC and CBD should be equal. The areas are 
readily measured with a planimeter or simply by counting the number of 
squares of the millimetric graph paper. Two or three trials are quite 
sufficient for placing the y axis. After that the points with the ordinates 4 
and # corresponding to maximum radial velocities (in absolute values) are 
found. These points are so chosen that the area AaD is equal to Cé# and 
DaA is equal to BbD. Since C and D lie on the y axis, we have from (5) and 
(11) 

[cos (v+ )]c, p= = —ecoso, (24) 
If v, is the true anomaly at point C (the star passes through this point on its 
way from ascending to descending node) and v, is the true anomaly at point 
D, sin (v,+ ) is clearly positive and sin (v,+ @) is negative. 
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FIGURE 25 
By (24) 
cos (v, +0) = cos (¥, +0) = —4T 5. (25) 
Hence 
sin (0, ta) =24 AF, sine to) = 7. (26) 


Let the areas AaC and bBD be z, andz,. If r, andr, are the radius vectors 


for the points C and D, we have 


2,=r,sinisin (0, + o) = —2,-1, 
Thus, 
2  r,  1ecosy 
ge ee eeweose st (27) 
since 
_ _a(1—e?) 
~ 41+ecosv * 
Writing [(v+)—o] for v, we obtain from (27) 
%  sin(vy+w)—e sino 
"2, sin (vy, + o@)+esinw ’ (28) 
whence 
esing = 2+! gin (0, +) = 2V 48 ate (29) 


22 —% A+B 2—2; 


Eqs. (29) and (11) give e and w if the areas z, and z, have been measured 


(2, is taken negative, for A and B their absolute values are used), 
Atthe time of periastron passage v= 0, and by (5) and (7) we have 


Com = K (1 +e) cos w. (30) 


89 


Ch. IV. SPECTROSCOPIC BINARIES 


There are clearly two points with this ordinate on the curve. For the 
points A andB, however, (v+) is 0 and 180°, respectively. The periastron 
is therefore determined without any ambiguity. The corresponding abscissa 
gives the phase of periastron passage. Adding this phase to the epoch 
selected for the beginning of the curve, we find the time T corresponding to 
the epoch of periastron passage. 

From these elements we can easily find the ephemeris, which is then 
compared with observations to provide a check on the elements. The 
relations used are the following: 


M=p(t—T)=EL—esinE, (31) 
te tu= ee tes E, (32) 
v=y+Kecosw+ K,cos (+a). (33) 


If e is less than 0.77, v as a function of j/ (the mean anomaly) is read 
directly from the tables published by the Allegheny Observatory /2/. 

§21. The methods of Irwin, Schwarzschild, and others. The fundamental 
shortcoming of the Lehmann-Filhés method is felt when the radial velocity 
curve is fairly uncertain. The points A and B are sometimes difficult to 
compare with due precision, since here the derivative of the ordinate is 
zero. If only few observations are available, this may give wrong results 
for eandw. Therefore Irwin /1/ forgoes the determination of the points A 
and B and concentrates instead on the points at which the ordinate of the 
velocity curve is +0.7K and -0.7K4 (reckoned from the middle axis) 
(Figure 26). This gives the points a, b, c, d, e, J,g,h, i(e and g correspond 
to the points A and B&B), 


FIGURE 26 


Then Irwin proceeds to calculate the ratios 
te—ta 


a= (34) 
(Irwin uses the letter / foru) 
th—la t—t, ty—t — 
y= tet, =e, 5=——, =, (35) 
{.—t ta—lp ta—ly th—t 
rapt, matt, mas. map (36) 


§ 21. THE METHODS OF IRVIN, SCHWARZSCHILD, AND OTHERS 


Each of the ratios uw, 8,, Ss, $3, Sq, Py, Pes P3 ANd p, is only a function of two 
parameters, e andw. The numerical values of these functions were 
tabulated by Irwin. Two of these ratios, say uand s,, are sufficient for 
the determination of e andw. Each of these functions is represented by a 
curve in thee, plane. The intersection of the curves u(e,) and s,(e, o) 
gives the first pair of values of eandw. To obtain e and w from curve 
intersection any of the following can be used: u, 8), 83, Sg, Sq, Por Pys Py and Py 
are used to calculate the position of the points ec and gon the velocity curve. 

An original method was proposed by Schwarzschild /3/ and subsequently 
developed by Zurhellen /4/. This method also calls for the construction of 
the middle axis of the velocity curve. 

An aribtary point is chosen on the curve and two points are marked on 


the horizontal axis at distances F and = from it. A tracing paper is placed 


on top of the curve, the curve and the middie axis are drawn on the tracing 


paper and the points 0, = and * are marked. The replica is then moved 


180° along the middle axis and turned over withits face down. The two 
velocity curves (the original and the replica) as a rule intersect at four 
points, two of which correspond to the periastron and the apastron. They 


are easily distinguished, since there is a time lag of = between the two and 


they should lie on different branches of the velocity curve. That these 
points correspond to the periastron and the apastron, respectively, follows 
from the phase difference of 180° between the two and the difference of 180° 
in their true anomalies. In an ellipse these properties are characteristic 
only of the points which lie on the line of apsides. The periastron and the 
apastron are distinguished according to the following features: 1) the perias- 
tron lies on the steeper branch of the velocity curve, 2) the apastron lies 
on that side of the middle axis where the curve remains less time. If the 
eccentricity is close to zero, the periastron is clearly determined with 
considerable uncertainty. 

After that is found. The position of the middle axis is given by 
~ _ vattp 


t= AS = yt Kecosw. (37) 


The ordinate uy, relative to the middle axis is then given by 
vu, = Kcos(u+o). (38) 


Since in the periastron and the apastron v= 0 and 180°, respectively, 
writing vu, and v, for the corresponding ordinates, we get 
cosa=—" and coso= — 2 (39) 
K K- 
The eccentricity is best found by Zurhellen's method. Other useful methods 
are the simple graphical techniques of Russell /5/ and King /6/. 
§22. Improving the elements by the least squares method. The orbital 
elements obtained in this way should be improved by the least squares 
method /7/. 
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Differentiation of Eq. (6) gives 
6v, = dy + [cos (v+ o) + ecoso]6K + K} cosa — —sin(vto) sin” (2+ ecosv) be— 
{ 


— K [sin (v-+ o) +e sin w] 5m + sin (v+ @) (1+ ecos ano? — 


—sin (v+a) (1 +0 cos 0)? FET Oy. (40) 


Here év, is the difference between the observed and the calculated velocities, 
This differential equation is preferably applied not to individual observations 
but to so-called ''normal points,'' combining the observations at nearby 
phases into one. The period is determined with relatively high accuracy, so 
that the corresponding correction is dropped from (40). dy, 6K, 6e, 60, and 
du — the corrections to the orbital elements — can be found by the least 
squares method. Eq. (40) should be written in the form 


60, = +x cosu+n sinu+ aeX sinu+ BtK sinu+ pk (¢—T) msinu. (41) 


Here, in addition to K we know the approximate values of 


a = 0.452 sin v (2-+-ecos v), (42) 
__ {1 cos v)? 
p= (1-e)? f) (43) 
u=v+o. (44) 
There are six sought unknowns: 
T=6y+ecoso6K +X coswée— Kesin oda, (45) 
x= 6K, (46) 
x= — dba, (47) 
e= — 2f be, (48) 
copy fe tar, (49) 
= Ife 1 
coat 1—e a" , (50) 


The values of a and were tabulated by Schlesinger /7/. 

If the spectra of both components are observed, the elements y, e, 7, P 
are clearly the same and there is a difference of 180° inw. In practice, 
however, the determination of the individual orbits of the two components 
never gives identical results on account of the large observation errors, 

In this case it is therefore advisable to solve Eq. (40) for the two compo- 
nents simultaneously. This will increase the number of unknowns to seven, 
since 6K is now replaced by two separate corrections 6K, and 6K,. For the 
second component, we should replace wo by 180° + wo and write —é for do. 

In this case equations of the form (41) cannot be used. 
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V.A. KRAT 
Chapter V 
PHOTOMETRIC BINARIES (ECLIPSING VARIABLES) 


Some of the close binaries observed as spectroscopic binary systems 
are eclipsing variables. In these systems the angle : is fairly close to 90°; 
the component stars therefore alternately occult one another in the course 
of their orbital motion. This effect produces a reduction in the brightness 
of the system; the binary behaves as a variable with a stable light variation 
curve. The first eclipsing variable was discovered in 1783 and studied by 
Goodricke. This was Algol, whose brightness variation apparently had been 
noted long before although its period had not been established. By now, 
over two thousand binaries of this type are known. 
§23. The light curve. The shape of the light variation curve mainly 
depends on the individual brightness of the components relative to the total 
brightness of the system when not in 
eclipse, the relative dimensions of the 
stars, the distance between their centers 


a 
of inertia, and the inclination (i). Ifthe 
brightness of the weaker component, 


which is generally called the satellite, is 


D, Dp not too small, the curve shows two mini- 
b ma: the principal (primary) minimum 
registered when the satellite occults 
a> (eclipses) the brighter (primary) compo- 


nent and a secondary minimum showing 
when the satellite is eclipsed by the 
primary. Observations show that the 
deepest minima correspond to a loss of 
no more than 4—6 magnitudes in bright- 
ness. The satellite is invariably a self- 
STClnEOS luminous body, a star. The shape of 
the light curve will greatly differ for 
stars which are luminous spheres and 
stars deformed by tidal forces, Tidal forces invariably produce a certain 
deformation of the components, but if the deformation is small, it does not 
have a significant effect on the light curve. In this case, the eclipsing 
binary is generally called an Algol variable. 
The light variation curve of an Algol variable depends on whether the 
eclipse in the primary minimum is partial, total, or annular. In the case 
of a partial eclipse (Figure 27a), the schematic light curve has two minima 
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with (roughly) constant brightness in between. In the case of a total eclipse 
(Figure 27b), a constant minimum brightness is observed for the duration 
of the time that the main star is totally eclipsed by the satellite. The case 
of an annular eclipse is not greatly different from the case of a total eclipse, 
but because of the nonuniform distribution of brightness over the visible 
part of the surface of the primary, the minimum brightness is not quite 
constant (Figure 27c) 

If the tidal effects are very pronounced and the stars are viewed as two 
greatly flattened ellipsoids (fp Lyr stars), the brightness of the system when 
not in eclipse does not remain constant: it varies between the primary and 
the secondary minimum in such a way that the two minima as if merge into 
a continuous formation (Figure 28). This is so because the disk areas* of 
the component stars in this case are smallest at the minima and largest in 
the quadratures, when the line of centers is perpendicular to the observer's 
line of sight. If, furthermore, the two components have virtually the same 
size and magnitude, both minima are similar in shape and have the same 
amplitude. Such light curves are often referred to as W UMa curves, 


(@=07 (@=1807 (0-360 


FIGURE 28 


§24. Models of binaries. The observer's task is to determine the geo- 
metrical dimensions of the components, the geometry of their orbits, and 


* The disk of a star is the visible surface of the star projected onto the plane of the sky; this is not necessarily 
a circle. 


§ 24, MODELS OF BINARIES 


the values of the various physical factors affecting the shape of the light 
curve. In the final analysis, having found the numerical values of all the 
parameters which determine the light curve, we construct some theoretical 
light curve and compare it with the results of observations. To avoid 
various difficulties associated with side effects, which often cannot be 
allowed for with due accuracy, one generally uses essentially simplified 
and schematic models of the eclipse. 

Three models of eclipsing binaries are in current use: 1) spherical stars, 
2) a system of two similar ellipsoids, and 3) a sphere—ellipsoid system. 
The observer's task is to determine which of the three models best fits the 
system in question. It is only then that the observer can go on with his 
calculations and determine the so-called relative elements of the system 
(the linear dimensions are expressed in units of the semimajor axis): 


Semimajor axis of the orbit 4 = 1 Inclination ¢ 
Eccentricity e Period P 
Periastron longitude Epoch of the primary minimum 7 


Radius of the small star rg 
Radius of the big star r, 
Luminosity of the small star L, 
Luminosity of the big star £, 


The first model uses two spherical stars revolving in elliptical or 
circular orbit around a common center of inertia. In the second model we 
are dealing with two similar ellipsoids. In the third model one Star is 
spherical and the other is an ellipsoid. The last case is most often appli- 
cable to systems with components of greatly different masses, when the 
tidaleffects are substantial for one of the stars only. 

For ellipsoidal stars r, and -, are the semimajor axes. In addition to 
the relative elements, we Sometimes can meaSure a number of other 
constants characterizing various physical effects in the system: reflection 
of light from the atmosphere of the companion star, limb darkening, 
attenuation of light in the gas streams sometimes observed.in close 
binaries, etc. 

It is very difficult to decide a priori which of the three models best fits 
a particular binary. If the light curve does not provide a definite indication 
that the figures of the component stars are markedly non-spherical, the 
solution should start with the spherical model. In this case, if the radius 
of the large star (r,) is found to be greater than 0.2 (the tidal deformation of 
this star is then quite substantial) and ZL, = 0 (the shape of the light curve 
between eclipses is independent of the figure of the large star), we should pro- 
ceedtoasphere—ellipsoid model. If, onthe other hand, the light curve shows 
definite signs of nonspherical shape of the components (the so-called 
ellipsoidal effect), the solution should start with the model of two similar 
ellipsoids, subsequently adopting the sphere —ellipsoid model if necessary. 
The latter is applicable only if the two stars greatly differ in their mass 
and dimensions, so that one of the stars is not markedly affected by tidal 
forces and can be regarded as a sphere. 

If Asin i=(a,+a,) sin i, m,sin? i, and m,sin?iare available from spectroscopic 
observations, m, and m, can be found in units of the solar mass, and r, and 
r, can be expressed either in units of the Sun's radius or in kilometers. 
The absolute values of L, and £, (and hence the absolute magnitudes M, and 
M,) can be found only if the parallax is known. 
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The determination of the relative elements of an eclipsing binary is 
fundamentally different from the determination of orbital elements of 
visual and spectroscopic binaries. In the latter case we are not dealing 
with elliptical motion of gravitating points whose exact law of motion is 
known; our aim is in fact tofind the most probable values of the orbital 
elements. In eclipsing binaries, on the other hand, we can chart the exact 
motion of the components and our task is to determine a number of constants 
within the margin of error of our observations and then draw the light 
curve. The whole point is that the theoretical light curve must not give 
systematic deviations from the observational curve. This is not always 
feasible, since the simplified model ignores various effects which syste- 
matically influence the shape of the light curve. An error in the choice of 
the model may also sometimes produce biased deviation. 

§25. The model of spherical stars. The U hypothesis. The first 
attempt to devise a method for the determination of the relative elements 
of an eclipsing variable (for spherical stars) is due to Blazhko /1/. Later 
Russell /2/ proposed a simple and convenient method, which is often 
referred to as the solution of the light curve. Since most of the current 
methods have grown out of Russell's technique, we will discuss it in some 
detail. 

The first step is to change over from stellar magnitudes (if the light 
curve is given in stellar magnitudes) to the brightness / using the standard 
relation 


Ig l= 0.4 (sry — m), (1) 


where m, is the maximum magnitude corresponding to £,+L, = 1; m, remains 
constant only if the component stars are sufficiently far from each other and 
the reflection of light from the stellar atmospheres does not markedly 
influence the light curve. A special table /1/ can be conveniently used for 
conversion of mand. 

The problem is solved under two extreme assumptions concerning the 
distribution of brightness over the star disk: 1) the disks are uniformly 
illuminated (the U hypothesis), and 2) the disks show total darkening toward 
the limb (the D hypothesis), the brightness B varying as a cosine of the 
angle y between the observer's line of sight and the normal to the star's 
surface: 


B=B (0) cosy, (2) 
8{0) is the brightness at the center of the disk. 
Let us first consider the solution using the U hypothesis. A circular 
orbit is assumed, We introduce a constant parameter k= and a function 
1 


a(l) which is defined by the following expression for the minimum brightness 
(i,), when the small star is eclipsed: 


=1—-aL,. (3) 


In the secondary minimum, when the satellite eclipses the same fraction 
of the surface of the primary (the 'k*a-th part of its disk), we have 


l=1—Fal,. (4) 
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The parameter ais called the photometric phase of the eclipse. Ina total 
eclipse a= 1. Ina partial eclipse a<1. The maximum value ofa in this 
case is designated 

Using (3) and (4) and writing J,=1 —A,, ,=1— a, (A,and A, are the so-called 
light losses at the two minima) and a=a,, we obtain the relation 


sey a (5) 


If the orbit is circular, the time of the middle of the primary minimum 
coincides with the time of the lower conjunction. The phase ¢ of the light 
curve is generally reckoned from this instant. Let 6 be the true longitude 
of the larger star: 


__ 360°¢ 
=. 


(6) 


All the values of ¢ on the light curve should be converted toe. The 
apparent distance between the centers of the two disks (6), as we see from 
simple geometrical considerations (Figure 29), is related to the angles 6 
and i by the equality 


6° = sin? @ + cos? i cos? @ = cos? i + sin? isin? 0, (7) 
Sinceadepends only on 4 and pos. Eq. (7) can be written in. the form 
ry 
e°=A+ Bsin?6, (8) 


where 


Asa. | ae (9) 


. 2 
ry ry 


The dependence of a on k and 9 is best represented in tabular form /1/. 
Using this table, one finds 9 as a function of & and a. 


FIGURE 29 


Russell /2/ was the first to demonstrate how for fixed 0 the corresponding 
functions of & and a can be derived from the light curve. If the two branches 
of the primary maximum (the ascending and the descending one) are 
symmetric (it is only in this case that this procedure is applicable), the 
light curve is first 'reflected' relative to the phase at the center of the 
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minimum, i.e., having calculated the phases of various points on the light 
curve taking the middle of the primary minimum as zero, we change the 
sign of the phases on the descending branch and plot them onto the ascending 
branch of the minimum. The average light curve is then drawn through the 
points of the ascending branch and the "reflected" points of the descending 
branch, This ensures a more reliable curve, which is appropriately called 
a "reflected" light curve. The minimum branch obtained in this way is 
generally divided into 10 parts at intervals of 0,1(1—4,) along the intensity 
axis and the corresponding angles @, are read off (Figure 30), 


FIGURE 30 


We write Eq. (8) for the time of the minimum (@= 0, e~g,,,) and for some 
fixed 9=0,: 


en = 44+ Bsin?6,, (10) 
Qo =A. 
Subtracting g? , from e2, we get 
Q— 075 = 2 sin*6,. (11) 


To eliminate the parameter 8, we write Eq. (11) for a= 0.54,, i.e., for 
@ corresponding to half the depth of the primary minimum: 


Q5.5— Cfo = Bsin?d,,. (12) 


The subscripts of e and @ show what fraction a makes of a,; in general 
a@=no,. Dividing (11) through by (12), we get 


Cero sin? 9, (13) 
2 —_—n! — ae 
20.5 eo sin* 89,5 
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The left-hand side of Eq. (13) is a determinate function of & and a,, since 
all the a are proper fractions of a, In other words, we may write 


sin? 6, 
sin? 9. 5 . 


%(K, Gs 2) = (14) 


Under the U hypothesis, all x and sin?6, are related by the equalities 


x(k, Gos Rr) =, (nr) + Ww, (n) x (4, Gp; 0.25), (15) 
sin? 6, = w, (rn) + w,(n) sin? 6, ». (16) 


The functions w,(n) and w,(n) were tabulated by Russell. Using Eqs. (15) and 
(16) we can find the average values of sin?6,,, and x(k, a); 0.25) from all the 
sin? 6, and x(k, a); n) corresponding to the points of the light curve with r from 
0.1 to 0.9. 

Now, to find a, and &, we can use the numerical value of x(k, a,; 0.25) and 
Eq. (5). These two equations are best solved graphically: taking a certain 
k, the two equations are solved for a,, and then taking a fixed a, we find k&. 

Since we do not know beforehand which of the two stars — the small or 
the large — is eclipsed in the primary minimum, Eq. (5) is represented by 
two curves corresponding to the two alternative propoSitions: (a) the 
smaller star is eclipsed in the primary minimum (the "Large in front" 
hypothesis) and (b) the larger star is eclipsed in the primary minimum 
(the ''small in front'' hypothesis). Under the U hypothesis the pairs of & 
and a, for the function x are the Same in both cases, since the relation 
between k,a, and 9 is derived for the case of ''small in front'' and a, is 
always calculated for that of the two minima for which this condition is 
observed. To obtain the maximum phase of the eclipse for the case of 
"large in front,'' a, should be multiplied by hk? 

From the pairs of values k,a, obtained for cases (a) and (b), two curves 
are plotted having a common point at k= 1. The same graph also shows 
the curve obtained from the &, a, values calculated from the numerical value 
of the function y (4, a,; 0.25). The intersection ofthis curve with curve aor 
b gives the sought values of ks anda,. Figure 31 shows the intersection of 

the curve x(k, a); 0.25) and curve (5) for 
case (a). The solution was obtained for 
27 &= 0.715, a,= 0.845. 
7 Sometimes the curves in this plot do 
not intersect. The effect of observational 
errors resulting in inaccurate numerical 
values for y is often magnified by a 
poorly drawn light curve through average 
or so-called normal points based on 
several observations. In this case we 
10 Should adjust the starting values of 
70 09 =a a7 OG H sin*6)..,, sin?¥,,, 1— A,, and 1— A, within 
the accuracy of observations (within the 
dispersion of the normal points) so as to 
ensure intersection or at least contact 
of the curves in the plot. In practice, we first take the smallest Ay(correc- 
tion to x) which ensures intersection and find the corresponding & and a,, 
changing the initial data only after that. 


a9 


FIGURE 31 
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In the final analysis, the actual method used to find the pair of values k 
and a, which in the observer's opinion satisfy Eq. (5) and the equation with 
%(k, a3 0.25) is irrelevant. The main thing is that the values of & and a, 
should ensure the best fit of the light curve. The theoretical curve is 
plotted using the values of 9, calculated from Eg. (14) 


sin?6, == %(k, Gg; m) sin? 6, .. 


The light curve plotted from 9, should satisfy the following two conditions: 
1) the sum of positive and negative deviations of normal points from the 
theoretical curve should be zero; 

2) the differences 6 obs — @theor(deviations) should be free from any bias. 
To satisfy the first condition, it suffices to adjust sin?@,. The second 
requirement, which is the best criterion of the accuracy of our solution, is 

more difficult to meet. sand «a, should be somewhat varied until the best 
fit with the light curve is attained. In some cases we fail to obtain satis~ 
factory fit for any & anda,. In this case the U hypothesis is rejected and 
we have to use the D hypothesis. 

In the case of a total eclipse u,= 1, it remains to find & from the shape 
of the light curve at the minimum. Using Eq. (8), we construct the function 


W, (A): 


h = Si—Bii.0 ss sin? 6, —sin? 0o.¢ 
Dp (K) Oe Oks Sin? Oy.g—sin?U,, (17) 
There are tables of p,(k)for various n. From each value of y,(k) we find 
the corresponding &, and then calculate the weighted average of all these &,: 
- Waka 
k= ; 
> Wa ( 8) 


The weights W, depend on the distribution of the observations along the 
light curve and on the derivatives (3) . Working equations can be found 


in specialized literature /3/. In practice, however, especially if the light 
curves are not particularly accurate, we can simply take the arithmetic 
average, using all k, with n<0.6. For n>0.6, y,(k)become insensitive to 
variation in &, and therefore the corresponding W,, are so small that these 
k, virtually make no contribution to the mean k. 

In case of a total eclipse, Eqs. (3) and (4) take the form 


1—A,=L., (19) 
1—A, = Dyk’, (20) 
whence 
1—A 
r= 7 2 . (21) 


For an annular eclipse the fraction in (21) should be inverted; the & 
obtained from Eq. (21) (generally designated &,) in general does not coincide 
with k. This is so because the U hypothesis does not provide a faithful 
representation of the brightness distribution over the stellar disks and also 
because the observational errors affect the depth of the minima and the 
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shape of the light curve. The reliability of * obtained from (21) depends on 
the number of normal points used to determine the constant brightness at 
the minima. The final value of & to be adopted should correspond to such 4, 
and a, that the representation of the theoretical curve is the same every- 
where. The representation for intermediate values of n is found by 
calculating the theoretical values of sin?6, from the equality 


sin® 8, = (sin? 8y,, — sin? 8, ,) 1p, (&) + sin? > «, 


where », (k) is borrowed from tables for constant k. First «# is taken as k. 
If the observed curve deviates from the theoretical, the sum of the deviations 
of the normal points from the theoretical curve is made equal to zero by 
Slightly varying sin*6,,, and sin?6,, in Such a way that the ratio oe ore 
remains fairly constant, 

If the mean deviation of the normal points from the theoretical curve is 
such that within one half-amplitude of deviation Eq. (21) is satisfied for k=k, 
we have found the solution. Otherwise, a second representation should be 
prepared using some average k, between 4 andk,. The second approximation 
generally suffices to obtain a satisfactory representation of the two minima 
of the light curve. 

Having determined & and ga, (partial eclipse) or % alone (total and annular 
eclipse), we canfind aand 8. For a total eclipse we have equations of the 
form (10), which putting 9o=1+p(k, a) (p(k, a) are also tabulated) can be 
written as 
{4 + kp (ic, i \ (22) 
(1+)? = A+ Bsin?@,. 


sin?@, is found from the curve representation: 


sin? 6) = (k, Gg; 0) sin? 0,.,. (23) 


By solving (22), we find A and B and hence the elements i and r, from 
the equalities 


2 1 


"A+B 


5B 
tgrr a. . (24) 
L, and L, are obtained from the obvious relations 
Le=a' 41s= Ra: (25) 


The equality £,+£,= 1 provides a check of the theoretical results. 
For a total eclipse, Eqs. (22) are replaced by 


(1—k)?=A-+ Bsin?@, 4, 
(1+ k)?=A-+ Bsin?6,. } oe 


§26. The model of spherical stars. The Dhypothesis. Inthe Uhypothesis 
a was the ratio of the occulted disk area to the disk area of the small star, 
while in the D hypothesis a should be found by integrating B(y) over the 
occulted area. Now a is defined as the ratio of the light loss when the small 
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star is eclipsed to the total brightness of the small Star. We call this ratio 
a’, If the larger star is eclipsed, we define the ratio a” as the ratio of the 
light loss at a given time to the light loss atthe second contact, when the 
annular phase of the eclipse may begin. We also introduce a function 

Q(k, a’) which in a sense replaces the & of the U hypothesis. This function 
is defined by the condition that the ratio of the light loss of the eclipsed large 
star to its total brightness is a’@(k, a’), At the second contact Q(k, aj) reduces 
to Q(k, 1). a, and aj are thus related by 


a,Q (Kk, a) = a,Q (k, 1). (27) 


The functions p,y, and pin this case should be calculated separately 
for the two alternative hypotheses (a) ''large in front'' and (b) ''small in 
front.'' In case (a) they depend on the parameter aj, and in case (b) on a’. 
These functions were tabulated by Tsesevich /1/. 

In case of a partial eclipse, the depths of the minima are expressed by 
the equations 


1—A, =a), 
1—A, =a, (k, a,) Lo. \ 28) 
Hence, 
1-2 / 
1 At Ge agy = Sr (29) 


On passing from the "large in front" to the ''small in front'' hypothesis, 
1— 4, and 1— A, are interchanged and then, using (27), we change over from 
a, toa,. In practice, Eqs. (29) are used to determine the function (Yk, a;) 
from arbitrary given a, and after that 4 is found, 

Eq. (27) is then applied to the pairs of a, and & values to find a’. 

Subsequent stages of the solution are as in the U hypothesis, with the 
difference that the functions are represented by different graphs for the 
two alternatives of ''large in front'' and ''small in front." 

The general solution does not change (except for the use of the specific 
tables of w,(k) for the D hypothesis) when a total eclipse is considered. 
Note that the secondary minimum corresponds to an annular eclipse. In 
the annular phase a;>1. The depth of the minima is given by 


pe } (30) 
1—A,=a" Q(k, 1) Z,. 


Thus, a, is required for the representation of the secondary minimum 
and at least for the calculation of its theoretical depth. In practice one 
generally does not go into these calculations, since the D hypothesis need 
not apply to the secondary minimum either; this is indeed so if the 
secondary minimum is shallow and a marked phase effect is observed (see 
below, §35). The inaccuracy in the determination of (1—A,) is mostly so 
large that there is not much point in even trying to represent the secondary 
minimum. 

In some cases the primary minimum corresponds to a total eclipse, but 
the two minima are of comparable amplitude and we must consider the case 
of an annular eclipse. The solution for the annular eclipse is fundamental 
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when the primary minimum corresponds to an annular eclipse. The 
simplest solution for this case was proposed by Tsesevich /1/. 

A typical D-hypothesis light curve for an annular eclipse has no sections 
of constant magnitude in the primary minimum for a’>I1. The time of the 
second contact and the corresponding angle are very difficult to establish. 
Since the secondary minimum corresponds to a total eclipse, we should have 


1{-4,=L,=1—Ly. (31) 


Let 1— 4, be the light loss at the second contact. Then by (30) 


t—2. 
w= Oa : (32) 

The angle 6 at the second contact is designated 0”. Using the light curve, 
we aSSign a certain 1— 2,to any arbitrarily chosen 9’ and then from Eq. (32) 
find &. We thus obtain pairs of values k, 6’. 

It now remains to find another relation between 6"and k. This part of 
the problem can somewhat be simplified compared by Tsesevich's original 
method by reverting to Russell's technique. If 1— 4,is known, the interval 
(1— 4,) can be divided into 10 equal parts as in the solution for the total 
eclipse (see Figure 30). We can then determine the value of Russell's 
function », (k) for n= 0,.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8 (for the case of ''large 
in front''), using this time the tables for the D hypothesis. From the 
numerical values of y», (k) we find k and its average over all the points. 
These average values & are obtained by taking various arbitrary 1—A,. We 
obtain pairs of values 1—A,and k or, equivalently, @7 and &, using the shape 
of the light curve in the primary minimum (and not the depths of the 
minima). The two series of the £, 6” pairs are plotted on a graph. This 
gives two curves whose intersection point is the pair s, 6’ which solves our 


problem. aj,is clearly equal to the ratio oe The constants A and 8, as 
=, 


in case of a total eclipse, are found from the equations 


(1 —k)?=A-+ B sin’ 6", 
(14-4)? = A+ Bsin?6,, 


The light curve is represented in the same way as in the U hypothesis. 

§27. Intermediate cases of limb darkening. In fact neither the U nor the 
D hypothesis give the actual distribution of brightness over the disks of the 
components. Strictly speaking, because of the nonuniform distribution of 
the gravitational forces on the surface of a star deformed by tidal forces, 
different temperatures are observed at the poles, on the equator, and on 
the ''tidal bulges.'' The distribution of brightness over the disk thus cannot 
be described as a function of one variable, the angle y, as for the disk of a 
solitary star. Nevertheless, better approximations are generally obtained 
by taking the B(y) for the components of eclipsing binaries in the form 


B (y) = B (0) (1—2'+ 2’ cosy). (33) 


z’is the degree of limb darkening. For the U hypothesis z’= 0, and for 
the D hypothesis z’= 1. The larger the tidal deformation of the star, the 
greater is the deviation of the true B from the interpolation expression (33). 
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In this case we can do no better than find the solutions U or D. It is only 
for stars with small tidal effects (Algol.variables) that the application of 
Eq. (33) is worthwhile and one should try to find z’from observations. 
Moreover, since for light curves of low accuracy the theoretical curves 
calculated from the U and D elements represent the light curve almost 
equally well, z’can be found only from highly accurate light curves, when 
the photometric phase of the eclipse is sufficiently large. 

The methods for the determination of zr’ are dealt with by Semenova /4/. 
Without going into this question in any detail, it suffices to note that, once 
z'has been determined, we can find intermediate elements between the U 
and D solutions. 

The light curve is extremely sensitive to z’ in the case of an annular 
eclipse in the primary minimum. By taking z’other than unity, we clearly 
change only the form of the dependence between a’ands. Thus, taking z; 
for the degree of darkening of the small star and z; for that of the large 
star, we replace a’ and a” by the functions a’ and a”. In case of total 
eclipse in the secondary minimum, we have a“ = 1, Eq. (32) then takes 
the form 


‘1—Ay 
Ae= ORT, ay (34) 


If 1—a,in Eq. (34)is replacedby 1—i,, we should change over in the 


1 


denominator from Q(k,1,2%)to Q(k, a", 2): 
Ay = +o (35) 
Q (A, ag 4, 23) 


Pee 


According to Tsesevich /1/, Q(k,u}’, x}) is expressed in the form 


’ 


x! ann 32! 
koa), 2) Se 36 
Qe ( qo; z;) ant (3— 832i) faz; f1i—VYa—A] ’ ( ) 


where az is the value of a”! corresponding to a central eclipse. Fora 
givens, this parameter is written in the form 
aut = 14 A%(h), (37) 


where .471 (k) is a tabulated function of k. Writing K(k, z')for the expression 


(3—32') 8422’ [{1-VYU—)3] 
ne : 
Oar {3—z) 


we obtain from (35) 


mt 
OF aT (38) 
For the second contact a = 1. K(k,z{) has also been tabulated. The sub- 
sequent stages are the same as in the D hypothesis. 

Similar techniques were developed for all the different types of eclipses 
by Kopal. 

Detailed tables for the calculation of elements by Russell's technique 
for different z’ were also compiled by Merrill /5/. 
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§28. Modifications of Russell's method. The method of Fetlaar and the 
Kopal—Piotrovski method. Although Russell's technique remains highly 
useful to this day, various authors tried to simplify it and make it more 
reliable, so as to obtain immediately the best fit to the light curve. Some 
of the modifications of Russell's technique are in fact methods for graphic 
solution of the problem. The best known of these have been devised by 
Sitterly /6/ and Merrill /7/. In view of the complexity of the problem, 
graphic methods involve the use of numerous plots, which are not always 
of uniform accuracy. They are thus highly cumbersome and do not always 
ensure satisfactory accuracy of the elements. Graphic methods are there- 
fore not in wide use. Two further modifications of Russell's technique were 
proposed by Sharbe and Krat /3/. Sharbe's method, further improved by 
Tsesevich /1/, is attractively simple and speedily gives the relative ele- 
ments of the system. It is, however, not particularly reliable and generally 
yields a poor representation of the light curve. Krat's method was developed 
for the case of a partial eclipse. It differs from Russell's technique in that 
both the U and the D solutions are found by using all the @, of the ''reflected" 
light curve (generally divided into 10 sections) in the primary minimum, 

The working functions are 


__ Sin? 6, _ Qi — i-n 
WMG a) sin*0.,  Qi.a —Ci-o (39) 
and 
0.9 
>} sin? pe [sin? 8,.,;-+ sin* 8y.9] 
_ 0.4 ant 
X (Ky dy) == Toe (40) 


The functions » (k, na.) and yx (k, o,) for the cases U and D have been tabulated 
in /8/ (for the D case, a,is replaced by a). x (k,a)) here replaces Russell's 
function x (k,a,; 0.25); its main advantage is that it is always constructed 
using 10 points of the curve and is thus highly insensitive to changes in k 
anda,. This function therefore generally gives a definite solution which 
rapidly leads to the best fit of the light curve. Experience shows that the 
Krat method elements cannot be substantially improved by the least squares 
method (see below). 

When the light curve is represented using the function y, the ''theoretical" 
values of sin? 6, are calculated from 


sin? 0, = p(k, na,) sin? Oy 5. (41) 


Fetlaar's method /9/, improved by Piotrovski and Kopal, is fundamen- 
tally different from Russell's technique. The underlying idea is the appli- 
cation of successive approximations. Fetlaar writes Eq. (7) in the form 


r?(1 + kp)? =cos?i + sin? isin? 6 (42) 
and transforms it to 
cos’ @ sin? i+ ri + 2kpr? + p*k*r, = 1. (43) 


Let cos?8=B. The values of Bare calculated, as before, for various 
n(1—,) taking n= 0.25, 0.30, 0.35,...; 0.90, 0.95. Fetlaar combines the 
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first six equations (for n= 0.25, 0.30, 0,35, 0.40, 0.45, 0.50) into a first 
group of equations. The second group comprises the equations with n=0.55, 
0.60, 0.65, 0.70, 0.75, and the third the equations with n= 0.80, 0.85, 0.90, 
0.95. The arithmetic average of each group of equations is then calculated, 
and the system is thus reduced to three equations of the form 


B, sin? i 7r?+ Qp,kr? + piktr? = 4, 
B, sin? i+ r?+ Qpkr? + pike? =1, (44) 
B, sin? i r+ Qp,kr? + prk?r? = 1. 


Subtracting the second equation in (44) from the first and the third from 
the second, we get 


(B, — B,) sin? i + 2(p, — py) kr + (pi — 3) er} = 0, (45) 
(B, ~ B,) sin? i +2 (py — po) kr? + (pi — p;) kr? = 0. 


Eliminating sin*i between these equations, we find 


Je — 2 (Bax Be) (= po) — (Bi — Be) (Pa — Po) (46) 


” (By— Be) (p? — p3)— (Bi — B) (p3— P3) 


B,, B,, and 8, are obtained from the light curve. Here p,, ps, Ps, P’, Ps P, are 
Fetlaar's coefficients. They have been tabulated /1/ as a function of sand 
a, for a partial eclipse and as a function of k alone for a total eclipse. 

In case of a partial eclipse, we generally select a, and then use Eq. (46) 
to determine k by successive approximations, starting with = 1.0, say. 
The successive approximations converge fairly rapidly, so that each a, 
corresponds to acertaink. After that, the pairs of k, a, obtained by this 
method are used with Eqs. (5) for the two cases of "large in front' and 
"small in front" to find 4 and a, graphically, as in Russell's technique. 

In case of a total eclipse, the problem is simplified since Fetlaar's 
coefficients are independent of a,(a,= 1) and the final value of k is obtained 
directly after several successive approximations using Eq. (46). 

Fetlaar's method is seldom uSed in its original form. The main reason 
for this are its two fundamental shortcomings: 1) the calculations use only 
the lower part of the light curve (rn > 0.25), whose shape is less sensitive 
to the system elements (it can be adequately fitted using different pairs of 
k anda,) than the shape of the light curve in the minimum; 2) the method 
makes no provision for varying the initial values of sin? 6,, although in view 
of the weak dependence of p and p, on k and a, the errors in 6, borrowed 
from the initial average light curve may lead to considerable errors in 
system elements. Fetlaar's elements therefore seldom ensure the best 
fit of the light curve. 

The method of Kopal and Piotrovski /11/, based on Fetlaar's idea, is 
very popular. The main features of the method are best described for the 
case of a partial eclipse. Eq. (7) is written in the form 


Now k is calculated by successive approximations. The average values 


cos? i+ sin? i siu?@ = C* [1 + Ap(k, a)]?. (47) 
For each normal point (i-th) we find a; using the depth of the minimum (1—A,): 


1-1; 
a= Toi; % = Nido; (48) 
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a,is related to 1—4,and 1—a,as before by Eq. (5). For 0= 0, Eq. (47) takes 
the form 
cos? i =r}[1— kp (k, a,)]*. (49) 


Subtracting (49) from (47), we get 
(pi — pe) + 2(P, — Po) y =sin* 4, (50) 


where 


Pi=P(K, M20), Po = P(A, Oo), 
z=rk?cosec?i, y=rjkcosec?t. 


After that, the solution proceeds by successive approximations, as in 
Fetlaar's technique, but the least squares method is also applied. 

The depth of the minimum can be varied by introducing a correction to 
1— i, directly in Eq. (50). Suppose that this correction shifts all the points 
on the plane with the coordinates n and sin?6 in the direction of the n axis by 
an amount 


—n, ae. (51) 


This corresponds to a displacement 


dsin? Q A(1—A,) 
Oe ain io (52) 
which should be introduced in the left-hand side of Eq. (50): 
(pt pl) +2(p,— py y— my E58 AE) _ int, (53) 
Now, 
dsin?@ — dsin?O d a 
mn = Te dn = 2Y%y (1 +p) GE - 
The error in the right-hand sides of Eqs. (50) is proportional to 
dsin? 6 
Stn i, (54) 


Let w, be the weight of each equation; /w, is inversely proportional to (54). 
We have 


dsin* @ _ dsin®@ dn dl dsin?@ 14 
dn An= dn di dm Am= — dn 1—Ay iAm, 


where mis the stellar magnitude. Assuming the errrors Am to be the same 
for all the points of the light curve, we may take for Yu, 


4—A dn 
ea Fi : dsin?@ ° (55) 
and Eq. (53) takes the form 
V wm, (pi — p3) z+ 2 Vw, (P, — Po) y +i A (1 — dy) = Vn, sin? @,. (56) 


107 


Ch. V. PHOTOMETRIC BINARIES (ECLIPSING VARIABLES) 


Eqs. (56) can be further generalized by introducing a term which accounts 
for the inaccurate determination of the constant magnitude between suc- 
cessive minima, 

Eqs. (56) are solved by successive approximations, assuming some 
starting k. After that, a, is found from (5). Using these & anda,, we find 
pi—p? and p,—p,, and Eqs. (56) are then solved by the least squares method. 
Having found zand y, we repeat the solution. 

We are thus again faced with Feilaar's technique, but the elements z and 
y are found from the condition of minimum sum of squares of deviations of 
the normal points from the "theoretical" curve, so that in principle the 
dispersion (rms error) of the elements can be obtained as a byproduct. 
Calculations using the Kopal—Piotrovski method invariably give unreasonably 
small dispersions, 

The application of the least squares method to Eqs. (56) as long as & and 
4 are not known is not justified, since the deviations of the true k, a, from 
the previous values may be considerable. A more logical course is to apply 
the least squares method to determine small corrections to the elements, 
which have been obtained by an alternative method (e.g., Russell's tech- 
nique). A procedure for the determination of these corrections was deve- 
loped by Wyse /13/ and Tsesevich /1/. 

§29,. Determination of corrections to relative elements by the least 
Squares method. Suppose that the approximate values of the relative 
elements have been found by some simple method. 

First let us consider the case of a total eclipse. The tentative elements 
are used to construct a theoretical light curve, and for each normal point 
we then calculate the difference between the observed and the theoretical 
values of /, i.e., Al, = [gps—leaee Alcan be converted to Aa if the depth of 
the minimum is known. On the other hand, to terms of second order, we 


have the differential relation 
Aa, = Ak4+ Se Ap. (57) 


The corrections Ak, Ap, like the deviations Al,, are generally treated as 
differentials. 


To find Ap, Ak, a » and 3 we use the standard relations 
p=—Vi—siticos®o — "2, 
fo lq 
2n(t—t 
9 = A) a (tt), 


k=, 


ry 
Then 
1 k 
Ak =—~ Ar, ——— Ary, 


te] ) 
Ap= Sp Ar, +52 Ar, + 2 Ai +S 2 At,, 


or a8 oat 
58 
Pes 2 OP et AP. See u i 
or, ry ' Org tr. ’ ra lo | (ry trap) |. 
Op _ sin?isin8cos® ao Qn 
rT) re(itrop) ’ a iP ae 
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Inserting from (58) in (57), we get 
Aa, = A,Ar, + B;Ar, +C,Ai+ D;At,, (59) 
where 


k oa 1 da 1 @a da 
A=[--- 3-12 | =(42-22] 
ry Ok rr Op J’ a r, Ok ro Op J’ 
tgt 1 da inti sin®8 oa 
c= — oe [—s-¢ re ]; — _ bsin?i sin 4 
Prt rap ( wt 2P) Op ’ D Ore rrp Op . 


(60) 


The derivatives kis and 2% for given k and pcan be found by numerical 
ak ap & y 


differentiation of the table which lists pas a function of sk anda. All the 
coefficients of the conditional equations (59) can thus be found from the ten- 
tative elements. These equations can be generalized to a certain extent 

by introducing a correction for the depth of the primary minimum. Indeed, 
since /,= (1—A,)a, we have 


Al, =a,A (1—A,) + (1 — 44) Aay 


or 


Al; AG—A) , 
l= OE em + Aq,. (61) 


Eqs. (59) thus take the form 


A 4 AM—*) 
ia, t 1h 


+ A,Ar, + Bar, + C,Ai + D,Aty. (62) 


The unknowns in these equations are the corrections SoM) 
— 1 


and At,. Before actually solving these equations, we should determine 
their weights. The weights depend on the dispersion A/; about the theore- 
tical or, equivalently, the average (normal) light curve. It would be 
improper to assign to these equations some ''theoretical' weights, since 
the accuracy of the different sections of the light curve depends on a 
variety of random factors, which can hardly be foreseen. A better policy 
is to find the order of magnitude of the mean errors uSing a curve plotted 
from individual observations, and not the normal curve. The individual Al 
(for individual observations) fall, with few exceptions, inside the so-called 
dispersion strip. The shape of this strip enables us to determine the 
weights of the different sections and of the normal curve. The weight of the 
equation «, can be taken inversely proportional to the square of the width of 
the dispersion strip or, equivalently, to the square of the mean deviation of 
{from the normal curve. The weights of Eqs. (62) should be calculated only 
to one significant digit. Determination of weights from the width of the 
dispersion strip, rather than from the mean square deviations, is pre- 
ferable, since itis valid also when the observations are nonunifor mly distributed 
along the light curve: after all, the dispersion strip is traced for the entire 
curve as one whole. To avoid arbitrary decisions in tracing the dispersion 
strip, it is generally stipulated to contain 90% of all the individual points. 
The case of a partial eclipse was also treated by Tsesevich. Suppose 
that the maximum intensity, as well as the depth of the minima, were 


Ar,, Ar,, At 
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determined with insufficient accuracy. Then for the primary minimum, 
assuming "large in front," we get 


jis 14—a,L., (63) 


where the exact value of /, is unity. Differentiation of (63) yields 


aAL, ~ L,Aa = Aly — Al;. (64) 


Again using Eqs. (58) for Aa, A‘, and Ap, we get 


: k of 1 da ‘ 
Alera ale a,AL, +L, | —> Se—7 op Ar, + 
| da p oa ected { 
tha [ soto ap | ees Fs (Carrs — trap) | Sp Ai - 
Bee ie sintisin 20 2x da At (65) 


2 Br (rep) P dp 


Under the U hypothesis, the photometric phase of the eclipse in the 
secondary minimum is given by 


det 4-l 
“EL, aly 


and 
+ 6 1—ak*(1- L,). (66) 
Differentiation of (66) gives 
Al, — Aly = a,k?AL, — 2a, (1 — L,) KAK— k? (1 —L,) Aa. 


Finally, as in the former case, we get 


— Al, = —Al—o,k*OL, + [ — 2 — ES-ES] LL) Ar + 
10 a 
+[= ti 2S) 11.) Ar, 
clg i 1 = Ol A. por _. sin?isin26 2n da 
—H(1— Ly) “8 [<a (ryt rep) | So Ai— k(t — Ly) FOS ES Aly. (67) 


Eqs. (65) and (67) should be solved simultaneously. 

The application of the least squares method to find the corrections Ato 
tentative elements does not require special skill in the examination of the 
light curves. This attractive feature, however, is greatly dangerous as it 
may lead to excessive mathematical idealization of the problem. An 
inexperienced worker may Start with a poor system of elements, which do 
not fit the light curve and are very far from the true elements, and by a 
sequence of mathematical manipulations calculate improper corrections. 
Thus, application of the least squares method to the conditional equations 
(62), (65), and (67) is appropriate only when the corrections are small, so 
that terms of second order in Ar,, Ar,, etc., can indeed be ignored. 

The second danger is the use of ''exceptional'' points, i.e., those with 
large Al,. The omission of these points is legitimate only if there are 
pretty good reasons for this or if they exceed by more than a factor of three 
the mean square deviation (dispersion) from the normal curve and are thus 
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little probable. On the other hand, it is these "exceptional" points that 
greatly influence the sum of the squares of deviations from the final theore- 
tical curve and thus the values of the relativeelements. In the final 
analysis, the elements to a certain extent reflect the individual, and fairly 
arbitrary, decisions of the person doing the calculations, who ignores the 
"exceptional" points or assigns them relatively low weights. The method is 
thus highly subjective. These difficulties are not entirely confined to the 
least squares method in its application to the elements of eclipsing binaries. 
They are often encountered in the reduction of observational data in various 
fields. 

The solution of the light curves of eclipsing binaries also has a number 
of specific features which make the application of the least squares method 
outright invalid, and not only insufficiently rigorous in the mathematical 
sense. The point is that the deviations A/,; from the final theoretical curve 
cannot be treated as random errors. They invariably contain some biased 
errors and deviations, Even if the light curve is free from biased errors, 
systematic deviations are inevitable since our working model — a close pair 
subject to U and D hypotheses — is only a fairly crude approximation to the 
actual state of things. Al, therefore contain a biased component — the so- 
called model errors /12/. Moreover, even the so-called random part of Al; 
mostly does not follow the law of random errors, since observations carried 
out during a single night or during one season are not entirely independent 
and their results clearly depend on the particular constants and the method 
used in reducing the measurements to some fixed average conditions. The 
distribution of the random deviations is often represented as a sum of 
several Gaussians, but this representation is mostly uncertain since the 
number of observations is limited. The requirement of a minimum sum of 
squares of deviations is therefore quite arbitrary and the ensuring correc- 
tions are most questionable. Fortunately, these corrections generally do 
not exceed three times the dispersion (so that they can be accepted witha 
clear conscience) and mostly they are almost equal to the respective 
dispersions /1/. 

The dispersion of the elements is also of considerable interest. Since 
the random deviations are always larger in amplitude than the biased 
deviations (otherwise no satisfactory solution can be obtained), the disper- 
Sions of the elements are largely determined by the random errors. Since 
the biased errors are ignored, the dispersions should clearly be considered 
as the least rms errors of the elements, although this conclusion cannot be 
rigorously justified. There is unfortunately no exact method for the 
evaluation of the errors in the elements. 

What are the best elements, i.e., elements providing the most faithful 
representation of the particular system? Suppose that we are dealing with 
a system whose physical and geometrical characteristics are accurately 
known, Further suppose that we have idealized the system, representing 
the stars by ideal spheres with brightness distribution over the disk 
expressed by (33). Then, by applying mathematical approximation tech- 
niques, we should find the radii of these spheres and the z in Eq. (33) which 
ensure the best fit with the equilibrium figures of stars and with the true 
brightness distribution over the disk. These ideal elements are called the 
model elements. Our problem thus reduces to a determination of the model 
elements with maximum attainable precision. Although no conclusive 
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solution has been obtained, to first approximation the problem is reduced 
to a variational problem for the simultaneous determination of two minima: 

1) the minimum of the sum of the squares of deviations of the normal 
points from the theoretical curve, and 

2) the minimum of the residual biased deviations, measured by their 
amplitudes relative to the theoretical curve. 

As long as the analytical solution of the problem has not been found, we 
are reduced to the application of existing methods based on successive 
approximations (Russell's technique and others). The least squares method 
should be applied to improve the first tentative elements only if the light 
curve is highly uncertain and there is no hope to obtain a satisfactory set 
of best elements. Even inthis case, however, the value of the least 
squares method is mainly as a tool for the determination of the dispersions, 

§30. A direct method for estimating the dispersions of relative elements. 
The dispersions of the relative elements can be found without solving the 
conditional equations for Al, by the least squares method. They can be 
obtained by a direct technique, differentiating the fundamental equations 
from which & and a, are determined /12/. In practice, however, we need 
not calculate the dispersion of the elements for every single light curve. 

As the calculations anyhow give only the order of magnitude of the disper- 
sions, it suffices to estimate them for a number of typical cases of total, 
partial, and annular eclipses so as to establish the first significant digit 
which is substantiallly uncertain. Reduction of a large sample of photo- 
electric light curves by the least squares method (corresponding to a 
mixture of total, annular, and partial eclipses, the latter with primary 
minima at least 0.5 deep) showed that -, and r, are calculated to a few units 
in the third significant digit, i to a few tenths of a degree, and L, and £, to 

a few units in the third significant digit for total eclipses and to within 

+0.01 in partial and annular eclipses. The accuracy of the results obtained 
from so-called photographic curves (curves from photographic observations) 
is generally a factor of 2—3 less. If the minima in partial eclipse are 
shallow (1—4, < 0.5), the accuracy markedly deteriorates, and for1—4,<0.1 
the solution is uncertain and it is impossible to decide which of the stars is 
eclipsed in the primary minimum. 

The most objective data on the dispersions of elements are obtained by 
reducing a number of light curves obtained simultaneously by different 
observers. In this case, the deviations in the best elements derived from 
each light curve are truly random, as the data obtained with different 
instruments are independent. Three light curves are enough for estimating 
the order of magnitude of the dispersions and the reliability of the average 
elements. 

The dispersions of elements are required mainly in order to appraise 
the significance of the variations in elements with time, which emerge 
when light curves corresponding to different epochs are compared. The 
inaccuracy of the elements should also be taken into consideration when 
looking for correlations between various elements and physical characte- 
ristics of stars (mass, absolute magnitude, spectrum, etc.). 

§31. Elliptical orbits (the model of spherical stars). The elements of 
an elliptical orbit — the eccentricity e and the longitude of the periastron o— 
can be found without difficulty only when the eccentricity is small, so that 
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terms of second and higher order in e can be dropped. The method for the 
determination of e and w jointly with the relative elements of the system is 
also due to Russell. 


FIGURE 32 


Figure 32 shows the orientation of the orbit relative to an earthbound 
observer for ;= 90°. The observer's line of sight is alongsS. For i < 90° 
this line is replaced by its projection onto the orbital plane. Itis readily 
seen /1/ that for i fairly close to 90°, the photometric minima occur almost 
precisely at the conjunctions, i.e., at the time when the apparent distance 
between the centers of the component stars is minimum. If the angle 
between the radius-vector r of the orbit and the line s§ is reckoned from 
this line in the direction of motion, the equation of the ellipse has the form 


1—e? 


= 
1—esin (v--@) ° 


(68) 
The angle v is the true longitude. The true anomaly is v= 90° + v—o., 


The true anomaly v and the mean anomaly M are related by theequation 
of center, which to terms of second order in e is written in the form 


v=M+2esinM (69) 


M =v—2esinv. (70) 


The corresponding expressions including terms of second order will be found 
in /1/. For i= 90°, Eq.(70) in our case is exact to terms of third order 
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in e. If Af is reckoned from the upper conjunction, i.e., from the eclipse 
of the brighter component, and the phases of the period are expressed in 
units of time ¢, we have 


Maypt+e= Me, (71) 


For v= 0, M+#0 and the Mcorresponding to the phase of the secondary 
minimum f, is 


M = = n— 26 [cos (v—«w) — cosa], (72) 
whence 
2m 
P 


=n-+4e coso. (73) 


Let ecos#=hA and esinw=g. Then 


P P 
te— y= 2hse. 
P 

a(t > 


(74) 


Thus fA is determined by the deviation of the phase z, from the half-period 
point. 

gis much more difficult to find, and yet without this parameter e and o 
cannot be determined separately. Following Russell, we write (68) in the 
form 


r=1—gcosM+hsinM. (75) 


For M at the primary minimum we have 


M = —2h. (76) 
Since 
= 2m 
we have 
@ = Af + 2h. (77) 


Eqs. (76) and (77) are applicable only for i> 80°. For smalleri, more 
exact expressions should be used, which contain cos?i. Since i is not known 
beforehand, the solution should anyhow start with Eqs. (74), (76), and (77). 

The distance between the centers of the disks (6)in this case is expressed 


by 
6? = r?(1 —cos* vsin?z), (78) 
2—(1—gcosM +hsin Af)? (1— cos? vsin? £). (79) 
Eq. (79) is approximately written in the form 


5? = (1 — 2g cos 8) cos? i + (1+ 2g cos 8) sin? i sin? 0. (80) 
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Eq. (80) can be written in the previously used form 


3? = R? (cos? / + sin*/ sin™6), (81) 
R,=1+¢(1—2cos?) cos 6, (82) 
A, sin j=(1+gc0s6) sin Zz, } (83) 
R, cos / = (1 —gcos 4) cos 7. 


By (83) 
ctg j= (1— 2g cos 6) ctg i. (84) 


For the secondary minimum, these relations have a slightly different 
form: 


V=Vo, 


M,=n+ 2h, (85) 
0 = M+ —2h= = (t—t,) 


(@’is equivalent to 8 reckoned from the phase of the secondary minimum 4,), 


6? = R} (cos? B + sin? B sin? 6’), (86) 


seb a eee aa (87) 


ctgB = (1 + 2g cos 6’) ctgi. 


We see from these expressions that if A,and R, are approximately taken 
as constant, the eclipse in the primary minimum is the result of motion in 
a circle of radius A, and inclination 7, and the eclipse in the secondary 
minimum is the result of motion in a circle of radius A, and inclination f. 

Since the variation of cos 6 at the two minima is small compared to the 
variation of sing, it can be replaced by its average value n: 

e e sin [ 1 
n=Q cos a0: { d0 = = = 5 (2+c0s £), (88) 
6 


where ¢ is the value of 0 (or 9’) at the beginning or at the end of the corre- 
sponding minimum, 

Since the radii of the components are determined assuming an orbit of 
unit radius (in our case, R,andR,), the two minima clearly give different 
radii for the two components (the corresponding values are primed): 


i Pe . 
nae ace (89) 
es no 


Here r, and r, are expressed in units of the semimajor axis of the ellipse. 
+ is hardly affected by the ellipticity of the orbit. 

Finally we get: 

for the primary minimum 


r=r,(1— en), \ 


(90) 
clg j =clg ¢ (1 — 2gn); 
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for the secondary minimum 


re=r,(1+ en), 
; 91 
ensusiee as) (91) 


If it were possible to find r, and ; for the two minima separately, we 
could calculate the product gy: 


Both these equalities should give the same value of gn within the accuracy 
of our calculations and our solution (the accuracy of the curve and the 
validity of the model). Before Eqs. (92) can be used to calculate gn, we 
require r, and i separately for each minimum. In practice, these parame- 
ters can be found directly only when the eclipse in one of the minima is total, 
both minima are almost of the same depth, and the U hypothesis provides 
an adequate approximation. If the depth of the secondary minimum is small, 
the inaccuracy in the determination of gn due to a number of side factors 
(e.g., differences of limb darkening for the two stars) will be so large that 
the resulting gn can hardly be considered significant. 

In case of a partial eclipse, for g+0, a, (or aj) is no longer equal for the 
two minima. If the U hypothesis is applicable, Eq. (5) takes the form 

1d | Ate g, 


By.0 Aa.9 


(93) 


Russell suggested solving Eq. (93) graphically or by successive approxi- 
mations simultaneously with the two equations which are obtained when the 
numerical values of the functions x(4, a,.; 0.25) and x(k, a,,; 0.25) are 
determined from the shape of the two minima, We are not particularly 
fond of this technique, Since the xy for the secondary minimum is found with 
a high uncertainty. To solve Eq. (93), a,, anda, Should be linked up 
through g. Clearly, a,,,and a,,, differ only because the Q,.. (replacing 9,) of 
the primary minimum is different from g,.,. Let the difference in @ be 24g: 


Aga OP a gcosi (94) 


ry rr 


For a,,, and a,, we then have 


_ oa 
eee o 


oa 
Qe .9 = Ay — ( Se ane: 


or 


= da gcusi 
Qy.9 =A2+ < 30 Ms: Ts , (96) 


ee ~( COS? 
2.0 = Fo De dehgs ts 


Since the elements are known to first approximation, Eqs. (96) are readily 
applied to calculate the corrections to some average value a, corresponding 
to g= 0 or to reduce a,, to a, 4: 

da g cost 


@.9=%19—2( 5) rm, (97) 
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Combining (93) with x(k, a,,,; 0.25) we can then findé anda,. After that we 
can proceed with the second approximation; in pracfice, however, the 
accuracy of the elliptical elements is fairly low so that the first approxi- 
mation is quite adequate. 

§32. The motion of the line of apsides. The presence of a third body. 


In some cases the deviation of the secondary minimum from the phase = 


is variable. Therefore ecoswis also variable. These variations follow a 
regular sine curve, and evidently the variation of w is the result of the 
uniform precession of the line of apsides. Inspection of the light variation 
elements shows that both minima are displaced. The variation of the epochs 
of the primary minimum is in the opposite direction relative to the variation 
of the epochs of the secondary minimum, 

The precession of the line of apsides is mainly caused by the tidal defor- 
mation of the stars. In this case the rate of precession w’ depends on the 
moments of inertia of the stars relative to the three principal axes of 
Symmetry of their equilibrium figures. These moments of inertia, intheir 
turn, are determined by the distribution of density in the stellar interior. 
Homogeneous density leads toa large w’, whereas concentration of mass 
toward the center of the star lowers w’, since the star in this case can be 
considered as an ideal point mass. Sometimes the precession of the line 
of apsides and the variation of other orbital elements may be caused by 
the presence of a third body in the system. 

The motion of the line of apsides is most prominent in systerns with 
orbits of moderate eccentricity. There are excellent determinations of w’ 
in YCyg, RUMon, GLCar, and fairly reliable determinations for five other 
binaries. 

A direct indication of the presence of a third star near a close binary is 
provided by a periodic synchronous fluctuation of the epochs of the two 
minima. This is an outcome of the so-called light equation. The third star 
is generally relatively far from the close binary, so that to fair approxi- 
mation the center of inertia of the close binary traces an elliptic orbit about 
the center of inertia of the entire triple system. Although the dimensions of 
this orbit are generally small — it is smaller than the Earth's orbit around 
the Sun — the distance of the binary system from the Earth will nevertheless 
fluetuate by some tens of millions of kilometers as its center of inertia 
describes the orbit. The epochs of the minima depend on the position of the 
center of inertia of the binary in the orbit. It takes a few minutes for the 
light to traverse the diameter of the orbit. This effect of the finite velocity 
of light in the epochs of minima is known as the light equation. The variation 
of the light equation can be obtained by plotting against time the deviations 
of the epoch of the minimum from the epoch calculated assuming a constant 
period. The periodic fluctuations can be reduced to a single period; the 
light equation is considered within that period, since the orbital period of 
the center of inertia of the close binary remains constant (being equal to the 
orbital period of the third body). Figure 33 is the light equation of the 
variable RT Per according to Dugan. For this system the period of the 
third body is 16,000 P(P is the period of the close binary). The orbital 
elements of the center of inertia of the close binary are calculated by the 
Same technique as the orbital elements of a spectroscopic binary, since the 
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light equation characterizes the motion along the observer's line of sight. 
A useful method for the solution of this problem was proposed by Woltjer /1/. 


~-G000" 4-2 0 +2 4% 6 8 © +I0" 


FIGURE 33 


For some triple systems, suchas fPer, A Tau, and VV Ori, the orbit 
of the center of mass of the close binary can be derived from the fluctua- 
tions in y(the radial velocity of the center of mass of the binary). 

Since the study of triple systems is a particular problem, and they 
relatively are few, we will not go into this topic. 

§33. Tidal deformations (the model of ellipsoidal stars). Tidal forces 
produce considerable deformation of stars in close binaries. The deforma- 
tion is the largest when the orbital period of the pair is equal to the period 
of axial rotation of the star. In this case we are dealing with the so-called 
classical problem of binary stars, first solved by G. Darwin for homogeneous 
incompressible fluid bodies. Compressibility reduces the tidal deformations. 
For a polytropic gas, where the pressure pis a function of density, 


{ 
p=Ke 


(98) 


K and n being constant, the equilibrium figures of the close binary compo- 
nents were calculated by Chandrasekhar. Since the gas in normal stars 
(the white dwarfs excluded) behaves as an ideal gas 


R 
p=" or 


(T is the absolute temperature, R is the gas constant, » is the mean atomic 
weight), Eq. (98) reduces to the requirement that Tis only a function of e, 
specifically 


T ~ Q". (99) 


In the model of a classical binary, p is only a function of @ /13/, and (99) 
can therefore be used as an interpolation formula for calculating the density 
distribution in the stellar interior. Eq. (98) virtually covers all the possible 
cases of density distribution. The case »= 0 corresponds to homogeneous 
incompressible stars, and n= 5 corrresponds to Roche's model when 
almost the entire mass is concentrated at the center of the star, n= 0 and 

= 5 are the two extreme cases. The true density distribution in a star, 
in accordance with our current notions of the constitution of stellar 
interiors, is expressed to fair approximation by a polytrope with = 3 or 
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‘n= 4. In either case the external surface of the star (its equilibrium 
figure) is very close to an equipotential surface (for the combined potential 
of centrifugal and gravitational forces) of Roche's model. Therefore, 
Roche's model can be successfully applied in theoretical estimates of the 
tidal deformation of real stars. 

The equilibrium figure for each of the component stars is slightly pear 
shaped. It can be approximately represented by a triaxial ellipsoid. Let e 
be the eccentricity of the equatorial section of this ellipsoid (the section in 
the orbital plane) and e’ the eccentricity of the principal meridional section 
(the section through the spin axis and the line of centers of the component 
Stars), eand e’ can be expressed by 


e391 (100) 


(el = 9, (144-02) vt (102) 

Here the subscript | qualifies the star being considered, the subscript 2 
identifies the second, perturbed component of the binary. v,is the mean 
radius of the star in the absence of centrifugal and tidal forces. Approxi- 
mately it can be taken equal to (abc)“3, where a, b, c are the ellipsoid semiaxes. 
The factor g depends on the internal constitution of the star. For real stars 
q is close to 1, and for the homogeneous incompressible model q= 2.5. 

The ellipsoidal figure of the components destroys the constancy of the 
magnitude between successive eclipses. The maximum, as we see from 
Figure 28, is attained for @= 90° and 6= 270°. This also follows from the 
variation of the brightness of a rotating ellipsoid. The area of the projection 
of the ellipsoid on the plane of the sky is given by /1/ 


S = na? cos i {(4)*+ (=) wi ( (2) eost0 + sinto]}* (102) 


where a, b,c, i, 9 are defined as before. We see from (102) that §, and hence 
the brightness of the ellipsoid, depend on (¢)'tan, and not on (<) alone. 


Let = = ue (u <1). To simplify (102), we write 


Ltgi=t tigi’, igi= tei’, (103) 
replacing the true inclination i by some hypothetical inclination /’. From 
(102) we thus get 

{ 
5S ~ (1 —e* sin? i’ cos? 6)?. (104) 


This is the expected dependence of S on « for a star in the form of an oblate 
spheroid with semiaxes a and b, rotating around the b axis, For the product 
se? sin? i’ we write z. The maximum is observed when cos @= 0. Let the 
maximum brightness of each star be LZ, andZ,, so that 2,+2,= 1. The 
brightness of two synchronously rotating ellipsoids is then given by 


{ 


1 
l= L,(1—~2, cos? 6)? + L, (4 — z, cos? @)?. (105) 
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For z, fairly close to z,, we may take z,=z,=z. Eq.(105) then takes the 
form 


1 
l= (4—zcos?6)?, (106) 


Consider the U hypothesis. When the smaller of the two stars is eclipsed 
by the large star, we get 


i 
l= (1—zcos?6)2[Z,+(1 —a) L,). (107) 


When the large star is eclipsed by its smaller companion, (107) is replaced 
by 
1 
1 =(1—2zcos?6)?(Z, (1 — ka) + Ly]. (108) 


We See that the brightness is always proportional to the factor f= 
= (1—z cos’? 6)”2. Dividing all / through by /, we obtain a rectified light 
curve, which is no longer dependent 
onf. Between the eclipses, the rectified 
curve has a constant phase, as in the 
case of the spherical star model. Since 
the ellipsoids are similar, their projec- 
tions on the plane of the sky are similar 
to ellipses with the semiaxes 6b,, d, = a,f 
and b,, d, = a,f (Figure 34), Since both 
ellipses can be considered as projections 
of two intersecting circles with radii a, 
and d, onto some inclined (to the plane 
er of the sky) plane, the a for the ellipses 
is the same as for the circles. The 
light variation in the minima of the 
rectified curve is the same as for spherical stars of variable radii, propor- 
tional to f. z can be found without difficulty. Suppose that although the 
brightness for 9= 90° and 9= 270° is unity by definition, we made an error 


of a in its determination. The true brightness is then i =1(l’is the 


brightness of the normal points from the light curve). Squaring (106), we 
get 
ye 


pa = 1— 26086, z(1+ 2a)cos?@—2a=1—1", (109) 


For each normal point we thus obtain a linear equation with the unknowns 
z(1+2a) and 2a. Solving these equations by the least squares method, we 
readily find the value of z and the correction a, First it is advisable to plot 
(109) in the coordinates of 1—/’? vs. cos 6 and establish that there are 
departures from the linear variation of 1—/" as a function of cos?6. The 
deviations are observed for normal points affected by the eclipse. These 
points should be omitted from the sample used in calculating z. 

When z has been found, the elements of the system can be determined. 
A convenient method of solution was first proposed by Russell /2/. For 8 


we write 


6? = cos? i+ sin? i sin? 8 = dig” = a?f?p”. (110) 
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For a total eclipse we have as before 


A+ Bsin?0, = fio, 
A Dai ts.= fee, | (111) 


A+ Bsin? 0 = f8.008.9. 


Eliminating A and B between these equations, we get 


Ck—O%.4 _ (sin?6,, —sin® Op.¢) /2.9 
Q3-0— 08.9 (Sin? Op. —sin® Oy.9) /2 * (112) 


This relation replaces Eq.(17). Further calculations proceed along the 
same lines as for spherical stars. A and Bare obtained from 


cos? i sin? é 

A= a ’ B= a} ® 

f(1+k) = A+ Bsin26,, (113) 
Po (A—kP=A+Bsin6,, } 


sin? @, and sin?@,, are obtained as before once & has been found: 


in? @, = Sin? O9.9/8.9+ (sin? 09.2—sin? Bo 9) (1 —z) Wn (A) 
SIN Yo. 13.9 ~— (Sill? Oo, —SiD* Oo.) Zo (A) . (1 ] 4) 
in20, . = sin? Oo 6f/f.9 + (sin? 89.2 —Sin? 69.9) (1 —z)i.0 (4) 
ee a Fh.0 — (SiN® Op.4— SiN™ Bp.o) 21.0 (4) 


The solution for the case of a partial eclipse also proceeds along the 
same lines as before. Forming the differences 


eR — 03 0 _ fmsin? 6, 
On—ho fasin? 0," (115) 
we find that the relevant expressions are again the same as for spherical 


Stars, provided that sin 6, and sin 6, are replaced by the reduced functions 


Sip On sin Og = On , (116) 
n m 

After that the calculations follow Russell's technique or any of the alternative 
methods. Once & and a have been found, A and & are determined from the 
relations 


sin 0, = 


(Ui +k)?=A+Bsin’G,, (117) 


Hi.o [1+ kp (kyap)]? = A. 


The D solution is no different from the U solution. In this case, however, 
z cannot be taken equal to the value obtained from the rectified light curve. 
The expression for the brightness of the system between eclipses is 


l=1—Zcos*6, (118) 

where 
Zasz+ Bart... (119) 
In practice, since z is determined with high uncertainty, we may take 
sai Z. (120) 


This is the z to be used in further calculations, 
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§34, The sphere—ellipsoid model. The model of similar ellipsoids is 
inapplicable to numerous close binaries. The mass ratio of the components 
is often far from unity, and the mean radius of the less bulky star is much 
greater than the mean radius of the massive component. Consider a system 
where m,= 2m,,v, = 0.2, v,= 0.4. For the components of this system we 
have by (100) 


e?=0.0129,, €7=0.384q,. 


It is evident that e3 is negligible compared to ej and the more bulky star 
can be treated as a sphere. In some cases (U Cep, and others) the axial 
period of rotation of the smaller and brighter component is not equal to its 
orbital period. In this case the spherical approximation is even more valid. 
In fact, however, the star is not an exact sphere but an oblate spheroid of 
revolution. The effect of the spheroidal shape on the light curve cannot be 
taken into consideration at this stage. 

In the sphere —ellipsoid model /16/ the smaller and brighter star is 
regarded as a sphere, and its larger companion is an ellipsoid. For this 
model of a close binary, Eq. (105) is replaced by the equality 

1 


1=L, (1 —2, cos? 6)? + L,, (121) 
and (107) changes to 
1 
l= LZ, (1—2z,cos*6@)?+ (1—a) Ly. (122) 


To rectify the light curve, we should find a tentative solution taking 
z,=z,= 0, say, or using the model of similar ellipsoids. This solution, 
generally accurate to two significant digits, gives correct values of Z,and 
L,. Then (121) is rewritten in the form 


(£—L,)? = Li (4 — z, cos? 8). (123) 


Eq. (123), like Eq. (109), is linearinz,. With L,<0.1, the light curve can 
be rectified if z, is accurate to within +0.1. In this case rectification entails 
adding to all / the quantity £,(1—/) (and not dividing / by f as in the previous 
model). The right-hand side of (122) thus reduces to the form L£,+(1—a)Z,. 

In subsequent calculations the ellipse with semiaxes 5,, d,is replaced by 
the inscribing circle of radius d, (Figure 35). Sofronitskii's calculations 
have shown that this substitution virtually does not affect thea. The entire 
effect of different equilibrium figures of the two stars thus reduces toa 
variation of the radius of the large component with phase. The dependence 
of @ on ¢ is the same as in the model of similar ellipsoids, but now sis a 
function of f: 


1 _k a 
Si he (124) 
This somewhat complicates further solution of the problem. The point 
is that the functions 0? (k’, a)in Eqs. (112) and (115) correspond to different k’. 


The reduction of all 9? to acommons4j, corresponding to 6= O for the case 
of a total eclipse, can be achieved in the following way. First note that 
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the k’ for @=9,,, and 6=60. are virtually equal to 4; for allz. The deviation 
Ak of kj from k’ is significant only for rn = 0.1, 0.2, 0.3. For these points we 
should thus find suitable corrections to 9? (4;,a), which are substituted for 

e? (k’,a) in (112). Dadaev /17/ calculated the appropriate corrections to 

p, (k’) for various k’ and z for the U and D hypotheses in the form 


Arp, (") =@,, (k") Akh, (125) 
where 
{ 
1 f t—seos? 8’ \2 
Akn=(q=saep-) —t (126) 


Here for 6’ we may take @ = Sant Gos, 


This is a somewhat better approximation 
than@= 0. Subtracting Ay, (k’)from the numerical values of », (k’), calcu- 
lated in the usual way from sin*¥, we obtain the values of »p, (43) correspon- 
ding to a common £;, whichis given by 

fiers So, (127) 


0) 


tole 


(1—= cos? 6’) 


Since the true z may greatly deviate from those calculated from (100), 
the problem should be solved for various values of z (0.1, 0.2,0.3,0.4, 0.5). 
For every givenz, we find the corrections Ay, (&') and from tables take k; 
ands. After that the best possible fit to the light curve is found and the 
differences O —C (obs. —calc.) are determined. The z which gives the 
best fit of the light curve is selected as the true z. The accuracy of the z 
determined in this way is not particularly high. Even the best light curves 
give z to within 0.05. Commonly, the z determined from good (photo- 
electric) light curves is accurate to within +0.1, 


FIGURE 35 


In case of a partial eclipse the errors in z rapidly increase with 
decreasing g,, and the best policy is therefore to take z from Eq. (100), 
x% and » should be calculated for the same, (127), taking 0’ =0,,. It 
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should be remembered that this procedure only gives an approximate 
solution. However, if the weaker component has a largez, the sphere — 
ellipsoid model generally gives a better fit of the light curve than the model 
of spherical stars or the model of similar ellipsoids with z calculated from 
the part of the light curve between the eclipses. 

A,B, and other elements are obtained as in the model of similar ellip- 
soids. 

§35. The phase effect. The phase effect generally represents the 
influence of the light of one component reflected from the surface of its 
companion on the light curve of a close binary. We are in fact dealing not 
with reflection but with absorption followed by re-emission of light quanta. 
The albedo for integrated light re-emission is unity, since by the second 
law of thermodynamics the energy flux incident on the surface of a star 
cannot penetrate into the hot interior. It only produces a local increase of 
surface temperature. The atmospheres of both stars contribute to re- 
emission, but this effect is noticeable in the light curve only if one of the 
stars is much brighter than the other. The variation of brightness with 
phase is shown in Figure 36. Near the primary minimum, the re-emitting 
part of the satellite's surface is virtually invisible to the earthbound observer 
and thus does not increase the brightness of the system. Near the secondary 
maximum, on the other hand, it is almost completely visible. The increase 
of magnitude from the primary to the secondary minimum (toward 0 = n) 
represents the phase effect. At the maximum 6 = x (ignoring the effect of 
the eclipse for the moment), the corresponding increment is L, (x). For the 
satellite (subscript 1) we have according to Eddington 


Lei (=yl,(it+gnt...). (128) 


Primary minimum 


' 
I 
1 
| 
{ 
| 
\ 
I 
| 


@=0° @=/80° 0=360° 
FIGURE 36 
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Foré<a, the increment L,,,(6)is smaller, Eddington obtained 


L,,1(8) = Ly, (a) EPS eo88 (129) 


Milne derived a more complex expression for this function, which however 
numerically is close to (129). Pike proposed the expression 


L,,1(0)= Ly. (a)sin® 2. (n= 4.5). (130) 
Krat derived an empirical formula 
L,, ,(0) = L£,, ) (a) sin? 2 (131) 


The three equations — (129), (130), and (131) — are virtually equivalent. 
The maximum divergence between the three is observed for 9= 90° For 
this @, the coefficient of Z,,,(m) in (129) is 0.32, that in (130) is 0.21, and 
that in (131) is 0.23. Changing the power index in (131) from 4.2 to 4.0, we 
change this coefficient by a mere 0.02 (it increases to 0.25). Since ZL, ,(m) is 
anyhow small (it never exceeds 0.1), these differences fall within the margin 
of error of 7. Taking n= 4 in (130), we get 


L,,1 (8) =L,,1 (a) [ F (1 — 200s 6 + cos?) (132) 


For the second component, we should clearly replace 6 with xn—@ in (132). 
Then 


L,, (0) = Ly, 2(0) [7 (1 + 20086 + cos*6)). (133) 


The overall phase effect is given by 


Ly. (8) $45, 2 (0) L,, LGUEE,, » (0) 
Py de se tae ey 


L,, 1 (8) a L,, 4 (9) _ cos? 8 — 


—4{L,, (nm) —L,, .(0)|}cos®. (134) 


Putting 
g, = ra Pe _ ob 


=F [Ly 1 (7) — Ly, 2(0)), 


we get 
L,, (8) + £,, 2 (8) = 6, + 6, cos* 8 — bcos 8. (135) 


We see from (134) that the observed phase effect is determined by the 
difference in the re-emission of the two components at 6=2(the primary 
star) and 0= 0 (the satellite), Moreover, the term b,cos?@ may somewhat 
obscure the ellipsoidal effect, since it is maximum for @= 0, x and vanishes 
for 9= 90°, 270°. If L,.,(x)~Z,,,(0), and the ellipsoidal effect is zero, two 
shallow minima will torm at @= 90°, 270°. 

The phase effect is considered jointly with the ellipsoidal effect, since 
in this case the system components are close to each other and the tidal 
deformation is considerable. For smallz, the light variation between the 
eclipses is given by 

t=a+1 — = cos*0 + b, + 6, cos? @ — bcos@ 
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‘or 


l= a,—c cos? 8 — bcos 8, (136) 


where 


a=—a+i+b, c=~~—),, 


and ais interpreted as the zero point of the light scale, as before. Solving 
Eqs. (136)by the least squares method, we finda,,c, ands. According to 
Russell, the maximum is selected so that £,+Z,= 1 as before, but L, also 
incorporates 2b. The phase effect is not eliminated by subtraction from the 
light curve but by adding to/ the correction 


+ [£,,1() +£,, .(0)] + bcos 6. 


Subtraction is of course a more natural approach, but elevation of the 
zero point followed by addition of the above binomial also involves reduction 
of contrast between the primary minimum and / with68 =n, as in the 
subtraction, The two approaches are thus equivalent in this case. 

If £L,.(0) is not known, we can ignore this quantity, and / corrected for 
the phase effect (/,) takes the form 


f= SEP Ufo 8) fr cost 8 (137) 
These J, are rectified for the ellipsoidal effect (similar ellipsoids) by 
dividing through by f, which gives the final rectified values 


lreot = ob (138) 
For the sphere —ellipsoid model, we get from (121) to second order in z 


1=1—3 L,cos*8, 


and the ellipsoidal correction is simply added to /,: 
trect = 0) + L, cos?9, 
breet = + (e+ b,) cos? 6, (139) 


The re-emitted light gives a total limb darkening which does not fit the 
total limb darkening prescribed by the D hypothesis. The disk brightness in 
re-emitted light for 6=2x is virtually zero at a distance of 0.9 of the radius 
from the center. Therefore, in case of a partial eclipse in the primary 
minimum, the part of the satellite disk illuminated by the primary may be 
completely occulted. This is generally the case when o,>0.7. Then, 
seeing that in the primary minimum the larger star is eclipsed, we have for 


the U hypothesis 
yP 1—),=2,L,, 


1— Aq =aok? [L,—L,, 1 (m)] + L,, 1 (7). 


Eq. (5) takes the form 


: [1—a,+ ih | =a). (140) 


1—L,, 1 (1) . 
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A similar equation is obtained for the D hypothesis. The L,,, (x) for these 
systems is taken equal to 26 with sufficient accuracy, The use of theoretical 
relations (128) in the calculation of LZ, (x) and L,,,.(0) is not justified, since 
the observed differences of these parameters greatly deviate from the 
theoretical figures. The reason for this is apparently the peculiar structure 
of stellar atmospheres. At present it is almost impossible to find ZL, (0) 
from the difference L,, (x) —L,,, (0) using (128), A reliable treatment of the 
phase effect is possible only when L,,,(0) is known to be small. 

§36. Non-stable stars. The‘early observers of f Lyr noted irregularities 
in its light curve and various changes in the spectrum (Blagg, Maury, and 
others). Later, when the accuracy of photometric measurements increased 
(photoelectric observations of Stebbins, Huffer, and others), it became clear 
that the light curve of this variable is highly asymmetric in the primary 
maximum, After that, numerous other stars with similar properties were 
discovered (UCep, RVOph, RSCVn, AOCas, and others}. Later O. Struve 
established the principal reason for the skewness of the light curve of most 
eclipsing variables of this type. Streams of gas were observed to be ejected 
from the atmospheres of one or both components, forming a gaseous nebula 
around the close binary. This gaseous envelope as a rule expands and 
dissipates in space (BLyr). To better understand this effect, consider a 
family of equipotential surfaces around the stars. These exterior equipoten- 
tial surfaces are virtually insensitive to the density distribution in the 
interior of the star. Their configuration can thus be described with fair 
approximation by Roche's model. The intersection of these surfaces with 
the orbital plane for a model with component masses in a ratio of 2:3 is 
shown in Figure 37 according to 
Struve and Huang Su-Shu /18/. 
The points Z,,£,, and L, are the 
critical points of Roche's model 
(or Lagrange's points). 

A similar configuration is 
obtained when the equipotential 
surfaces are cut by any other 
plane through the line of centers 
0,0,- The gas may move freely 
along the equipotential surfaces, 
without doing any work against 
the force of gravity. If for some 
reason the stars expand and reach 
their Roche surface limits, which 
are joined at the point £,, further 
expansion will lead to the forma- 
tion of some common atmosphere 
bounded by the equipotential sur- 
face through the point Z,. If only 
one of the stars expands, a jet of 
FIGURE 37 gas may flow from its atmosphere 

to the atmosphere of the quiescent 

component in the direction of the 
gravity vector. The second component will not remain quiescent for long 
/19/, since the increase in its mass will increase the pressure and tempera- 
ture at the center, greatly accelerate the rate of thermonuclear reactions, 
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raise the energy flux radiated by the star (its luminosity), and inevitably 
lead to its expansion. This is, however, an entirely different problem. 
The expansion of the star is an accelerated process, The rate of expansion 
increases with time. As soon as the ejection velocity exceeds the critical 
(parabolic) value at the star's surface, the gas jet will move across the 
equipotential surfaces away from the two stars. In this case, the two stars 
will not be able to build up a common atmosphere. Nevertheless, as we 
are dealing with gas flow, and not with individual particles, the stream will 
always diverge over the equipotential surfaces, thus deflecting toward the 
quiet component. Since the stream can flow unimpeded toward the quiet 
component only after the expanding gas has reached the point Z,, where the 
specific angular momentum (the angular momentum per unit mass) is very 
small (this point being close to the center of inertia), the stream beyond 
that point will necessarily be deflected from the line of centers in the 
direction opposite to the sense of rotation (conservation of the angular 
momentum). Henceforth the expansion will be almost radial relative to 
the center of inertia of the system. At some distance from the line of 
centers, the potential has a second maximum (the first maximum is situated 
on the star's figure), on the surface through Z,. Gas masses with sub- 
critical velocities are therefore trapped at this surface, eventually forming 
an almost spherical envelope. 

In the case of fLyr the bulkier of the two components is expanding. In 
other systems, e.g., UCep and USge, the situation is reversed: the larger 
star is the one withthe smaller mass. This is quite natural, since expansion 
increases the star's radius up to the Roche limit. 

In the B Lyr system the large component is of spectral type cB9; this is 
a white supergiant of mass m, = 63.2¢). The second component, according 
to Dadaey /17/, is an O star with weak lines (the lines may be diffused by 
the scattering of light off the electrons in the rarefied envelope of the star) 
and its mass is m,= 42,1©. Besides the cB9 lines, the spectrum of Bp Lyr 
shows lines previously assigned to a BS star; according to O.Struve's 
interpretation, however, these are the lines of the expanding gaseous nebula 
which surrounds the system. At @= 22-0°,08, this nebula has a condensa- 
tion which is steadily replenished by a stream of gas from the cB9 star. 
The lines of this stream in projection on the cB9 star (the satellite lines) 
appear at 6= 27,0°,008. They give an average streaming velocity of 
- 300 km/sec. Thisis slightly higher than the parabolic velocity. There- 
fore a large part of the gas is dissipated and only the fastest jets and 
condensations manage to circumnavigate the companion and return to the 
cB9 star with a velocity of +200 km/sec. Right before the central eclipse, 
for 0 between 2x 07.925 and 2n 0°.980, the satellite lines appear again, 
though they are weaker than at 27-0" .008 (violet satellites), A schematic 
diagram of gas ejection is shown in Figure 38. 

In the U Sge system gas is also ejected with high velocities: they reach 
200 km/sec, which is clearly a supercritical value (greater than the 
parabolic velocity). In the U Cep system the exact streaming velocity is 
not known, but it is apparently subcritical. In this case, we are apparently 
dealing with continued flow of gas from the atmosphere of a gG2 subgiant 
to the atmosphere of the main B8 star. 
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FIGURE 38 


§37. Classification of close pairs. Eclipsing variables were traditionally 
divided into three classes: 1) Algol-type stars, 2) B Lyr stars, and 
3) WUMa stars. This classification was based on a single phenomenological 
feature — the shape of the light curve. f Lyr stars and W UMa Stars have a 
variable maximum phase (in distinction from Algol-type stars), this being 
a result of a highly pronounced ellipsoidal effect. The minima in Bp Lyr 
stars are of different depths, whereas the W UMa stars have almost equal 
minima. This approach clearly combines stars with widely differing 
characteristics under one category. Moreover, spectroscopic binaries, 
which are in effect close binaries not unlike the eclipsing binaries, do not 
fit into this classification. 

The first comprehensive classification of binaries (including the close 
binaries) was proposed by Pike in 1931. Later, in 1944, Krat advanced a 
detailed classification of close binaries, This classification is based on 
physical characteristics. The stars are divided into seven classes, The 
leading classification parameter is the mass of the component stars, In 
the following, we list the seven classes in the order of decreasing (average) 
masses. 

a) The two components are masSive stars of spectral types O—B9. 

This class also includes binaries where both components are A-type super- 
giants (V 367 Cyg, and others). The average radius of the compone its is 
generally one order of magnitude greater than’the radius of the Sun \©). 
Their masses are at least 4—6 solar masses, In extreme cases the masses 
exceed moby one order of magnitude, The mean densities of the components 
are 10-2107 gg (eg being the mean density of the Sun) and less, 

Since one of the component stars is often non-stationary, class a should 
be divided into two subclasses, al and alJ. Subclass aIlI comprises systems 
with non-stationary stars. 

The light curves of subclass al systems are generally highly regular. 
These are Algol-type systems. A typical representative of this subclass 


129 


Ch, V. PHOTOMETRIC BINARIES (ECLIPSING VARIABLES) 


is YCyg. GL Car is another typical system of this class, its components 
being stars of spectral types B3 and B4. 

Light curves of subclass all always show various irregularities and are 
highly skewed relative to the center line of the primary minimum. The 
figure of at least one of the stars is close to the Roche limit. Since the tidal 
deformations in this case are quite considerable, the light curve is generally 
of pLyr type. A typical system of this subclass is BLyr itself. A similar 
system is S Dor, where both components are non-stationary. 

g) Class g systems are related to class a systems. In g systems one of 
the stars is a supergiant. In typical systems one of the components is a 
B-type star and the other is a red or yellow supergiant (¢ Aur), although 
often both stars are supergiants (e Aur, VV Cep, etc.). Some of the g 
systems contain ordinary giants. The outermost envelopes of the super - 
giants and giants in these systems are very close to the Roche limit, so 
that these stars are non-stationary, although no clear indications of gas 
ejections have been obServed. The g systems are characterized by long 
periods, from a few tens of days to tens of years. The bulkier star is 
generally the larger of the two (supergiant, giant). 

b) The spectrum of the brighter star is between BO and A9, whereas 
the fainter star (the satellite) is of types AO—F5. The periods of these 
systems range from a fraction of a day to a few days. The average masses 
and radii of the components are Several times the radius and the mass of 
the Sun. The mean densities are a few tenths of the Sun's density. These 
systems are also divided into two subclasses. 

Systems of subclass b] are stationary. The light curve is of Algol type. 
The ellipsoidal effect and the phase effect are inconspicuous. A typical 
representative of this subclass is AR Aur. Related systems are WW Aur 
and B Aur. 

Subclass bII comprises the few non-stationary systems of class b. As 
in all systems, the relative proximity of the components leads to a highly 
prominent ellipsoidal effect. The light curve is of fLyr type. The gas 
ejection effect is inconspicuous and can be detected only by careful inspec- 
tion, mainly from the inequality of the maxima (the periastron effect). 
Typical bII systems are V 505 Sgr and u Her. 

c) One or sometimes both Stars are subgiants. The period is generally 
more than 1 day. The component masses are close to the solar mass or 
about 2—3 solar masses, (This applies almost exclusively to the primary.) 
The radius of the primary is generally double the solar radius, whereas the 
radius of the satellite is several times the radius of the Sun. The mean 
densities of the subgiants are about 10-2—107395. The light curves are 
almost invariably of Algol type, since the primary is fairly small and the 
ellipsoidal effect is inconspicuous (remember that the shape of the light 
curve between eclipses is determined by the ellipsoidal effect). 

Class c is also subdivided into stationary and non-stationary systems. 

Subclass cI contains the few stationary systems whose components are 
fairly distant from the Roche limit. A typical system of this subclass is 
zZ Her. 

Subclass cII is characterized by gas ejection from the subgiant, whose 
surface in this case touches the Roche limit or lies sufficiently close to the 
Roche limit so that the star's chromosphere actually reaches the limit. 
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Although the existence of gas jets leaves no doubt, they are observed 
spectroscopically fairly seldom, mainly from various anomalies in the 
orbital elements (U Cep). The part of the light curve between the eclipses 
is distorted only in few systems. Skewness of the primary minimum is 
more often observed (U Cep, RS CVn, RW Tau, and others), 

Typical cII systems are Algol, 5 Lib, Z Dra, X Tri, RS Vul, TW Dra, 
RW Tau. 

d) Both components are main-sequence stars. The satellite spectrum 
is F5, the primary has spectra from AO to FO. The periods fall between 
wide limits. The satellite mass is close to that of the Sun. The mass of the 
primary star is generally at most double that of the Sun. The mean radius 
and density of the satellite, and sometimes of both stars, are almost those 
of the Sun. All the d systems are stationary. Since the surfaces of the 
components are far from the Roche limit (their relative dimensions are 
small), the phase and ellipsoidal effects are insignificant. Only few d sys- 
tems are known; this is apparently due to their lower luminosity compared 
to. systems of the previously described types. The mass of the satellite is 
not easily determined in this case, since the spectrum of the system shows 
only the lines of the primary. a CrB is a typical d system. 

e) A small class with few systems. Both components are main-sSequence 
stars of spectral types G—M. Period less than 1 day. The component 
masses are close to that of the Sun, their mean densities generally exceed 
the solar density. Systems of this class fall into two subgroups, stationary 
and non-stationary. 

Subclass eI contains the few stationary systems, with YY Gem as a 
prototype. The light curves are of Algol type, since the relative dimensions 
of the stars are small. 

Subclass eII comprises all those systems where at least one of the 
components touches the Roche limit. The light curves of these systems 
are of W UMa type. Gas ejection is inconspicuous, but it is nevertheless 
reflected in the light curve in the form of unequal maxima and a certain 
skewness of the minima. W UMa itself is a typical representative of this 
subclass. The component stars touch the Roche limit. 

f) Both components inf systems are subdwarfs. This class apparently 
contains a great number of systems with periods invariably less than 1 day. 
The masses do not exceed the Sun's mass and are generally much smaller. 
The mean density of these stars is several times (and sometimes more) 
the mean density of the Sun. This class is also divided into two subclasses, 

Subclass fI only comprises two systems, UX UMa and DQ Her = Nova 
1934 Her. The components are physical variables of small amplitude and 
small light-variation period. In the DQ Her system and possibly in 
UX UMa, one or both components flare up as nova-like stars, 

Subclass fII apparently comprises most W UMa eclipsing variables. 
Typical representatives of this subclass are AK Her, AG Vir, and RW CrB. 
The components are relatively early-type stars (A, F) of low mass (a few 
tenths of the Sun's mass). In the absence of spectroscopic observations, 
relatively high mean densities of the components are a sign of an fII system. 

Table 1 lists the elements of systems representative of the various 
classes. The period is given to third significant digit. M, and M, are the 
bolometric stellar magnitudes, o,and e, are the mean densities of the 
components. A significant feature of this classification is that it covers all 
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the groups of the spectrum —luminosity diagram (except the white dwarfs). 
There is not a single known system which cannot be assigned to one of these 
classes. Moreover, in view of the great similarity in the properties of 
systems from the same class, the individual characteristics of systems in 
theoretical and statistical studies often can be replaced by the mean charac- 
teristics of the class. Finally, this classification presents in a condensed 
form the overall frequency of spectra, periods, and masses for the close 
binaries. 

A significant shortcoming (unavoidable for any classification based on 
physical characteristics) is that poorly studied binaries sometimes cannot 
be classified. 

In 1955 Kopal proposed a new classification, in which the close binaries 
are divided into three groups: 

1) systems with detached components, 

2) systems with semidetached components, 

3) contact systems, 

The first group includes all the binaries whose components lie virtually 
on the main sequence. The first (heavier) star is always the larger and has 
an earlier spectral type. Both components lie well inside the Roche limit 
(as defined by the point £,). 

The second group comprises binaries with only one main-sequence Star. 
The primaries obey all the statistical laws characteristic of main-sequence 
stars. The satellites, in Kopal's opinion, have masses which are too small 
for their luminosities. The primary (heavier) component is generally the 
smaller of the two and has an earlier spectral type. The satellite's 
atmosphere generally touches the Roche limit. 

The third group comprises W UMa and §Lyr stars (although fLyr itself 
is not included). The two components lie not far from the main sequence. 
Their spectrafall between late A and early K. They do not obey the mass — 
luminosity relation. The heavier component is the larger of the two; it is 
generally of a later spectral type than its satellite and often of lower 
luminosity. The components almost fill the Roche limit. In Kopal's opinion, 
both components are probably in contact at point Z,, exchanging gaseous 
matter, 

Kopal's classification is Such that many of the known binaries simply do 
not fit in. These exceptions definitely include all the all, g, elI, and fl stars 
(in Krat's classification). Moreover, generally it is impossible to determine 
whether or not the star's atmosphere touches the Roche limit, since gas 
ejection is observed only for very few binaries (if this conclusion is to be 
drawn from geometrical considerations, the relative elements are required 
with exceedingly high accuracy, again an improbable situation). Also note 
that numerous stars can be assigned simultaneously to two of Kopal's 
groups. Outstanding examples are V Pup (groups 1 and 3), AO Cas (groups 1 
and 3), RT Lac (groups 2 and 3), and others. 

§38. Some remarks on stellar evolution in close binaries. The conside- 
rable achievements of empirico-statistical work in stellar astronomy, 
which culminated in the construction of the spectrum—luminosity diagram 
and the discovery of the mass — luminosity relation and the period — luminosity 
relation for cepheids, led many observers to search for correlations 
between various elements of close binaries. These attempts, however, 
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failed entirely. The observational material obtained for close binaries 
only provided more detailed information on the spectrum — luminosity 
diagram and helped to improve the parameters of the mass— luminosity 
relation. The statistical studies of close binaries revealed absolutely no 
new regularities. It was established, however, that the existing material 
on close binaries is greatly influenced by numerous selection factors. 

The detection probability of a spectroscopic binary depends primarily on the 
angle i (the K are proportional to sin i), on the mass ratio of the components, 
andonthe period. If the mass of the primary is several times the mass of the 
companion, whose lines are not observed, K will be several times less than 
for a system with components of equal mass. For large P the distance 
between the stars is found to be so large that K often drops down to the 
threshold of accessibility of radial velocity measurements. Furthermcre, 
the variation of K with time is inconspicuous in this case. Therefore for 
large P(if the components are not separated visually), only systems of 
classes a and g can be observed as spectroscopic binaries. 

The situation is more complicated with regard to eclipsing variables. 
Here the significance of the angle i is much more prominent, since for i far 
from 90° no eclipse is observed altogether or else the light variation 
amplitude remains within the margin of error of observations. The relative 
sizes of the components (r,, r,0Fr a, a,) also have a considerable influence 
on the probability of detection. The smaller these parameters, the lower 
is the eclipse probability. Large P also greatly reduce the detection pro- 
bability, since the minima occur seldom and may easily escape the 
observer's notice. 

Finally, the observed frequency of closed binaries of various classes 
is affected by another intractable factor, namely the nonuniform scanning 
of the sky areas by precision photometric techniques. Some sky areas 
(especially in the Southern Hemisphere) have been poorly studied. 

Some statistical research was done in order to establish a possible 
relation between the period and the spectrum of close binaries, by analogy 
with the corresponding relation for the physical variables. One of the most 
comprehensive studies in this direction was carried out by Martynov /21/. 
His period—spectrum diagram, however, failed to reveal any correlation, 
but stars of different spectral types nevertheless were found to possess a 
certain lower-bound value of the period. This is a reflection of the fact 
that the distance between the components in a close binary cannot be 
arbitrarily small (definitely not less than the sum of the radii of the two 
stars). 

Thus the available material on close binaries does not lead to any 
general (not even qualitative) conclusions concerning stellar evolution. We 
are therefore forced to abandon the large-scale statistical approach and to 
focus our attention on individual systems, especially the non-stationary 
specimens such as # Lyr, U Cep, and others, 

First let us consider the evolution of orbits of close binaries, The 
variation of the period of a close binary is particularly significant for 
evolutionary considerations. Apart from the simple fact that the variation 
of the period can be determined with high precision from the observed 
epochs of minima, we are unable to establish any genetic relationship 
between close binaries with components from different classes of the 
spectrum— luminosity diagram without going into the question of the possible 
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evolution of a binary with a large P into a binary with a small P and 
vice versa, 

The period of a close binary may change for the following reasons: 

1) tidal and radial friction, and 

2) loss of mass by the component stars. 

Jeans has originally shown that the tidal friction, arising when the axial 
rotation period of a star is not equal to its orbital period, cannot substan- 
tially alter the period of a close binary, since the spin angular momentum 
of the components always constitutes but a minor fraction (not more than a 
few percent) of the total angular momentum of the system. The redistri- 
bution of angular momenta in the system in the result of tidal friction there- 
fore cannot substantially increase the orbital momentum (which determines 
the period P). The radial friction — an effect theoretically predicted by 
Krat in 1937 — is simply incapable of increasing the period. Radial friction 
is an outcome of the variable deformation of stars moving in elliptical 
orbits /12/. It gradually increases the semiminor axis of the orbit and 
reduces the eccentricity. Any considerations involving a variation in the 
eccentricity of the orbits of close binaries should therefore be used with 
great caution. Tidal friction increases the eccentricity, while the radial 
friction tends to reduce it to zero. 

The loss of mass by the stars is apparently the only cosmogonically 
significant factor capable of changing the period P. 

Let us ccnsider two different cases in which the variation of mass of one 
of the components leads to a change in P: 1) gas flows from the atmosphere 
of one component to the atmosphere of the other component, and the total 
angular momentum yp is conserved, 2) a gas stream is ejected witha 
Supercritical velocity from the atmosphere of one of the components. 

If the spin angular momenta associated with the relative rotation of the 
stars (relative to the line of centers) are ignored, p can be written in the 
form 


MMe 
LS Mm, t-Me 


dv, (141) 


where A is the mean radius of the relative orbit and vis the mean velocity 
(a nearly circular orbit is assumed). Since 


ya 2A 
os —p 
and 
“ ~m, + My, (142) 
we have 
p ~ 2ma (1 — a) (mm, + mq)® PB, (143) 
where 
= de | 
— myfm, * 
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Taking the logarithmic derivative of (143), we get 


dp 5S d(m-tm) , 1dP, 1—20 
1 3 ao +3pt a(i—a) da. (144) 


ap d(m,+m) = 
In case l, a O and meni 0. Then 


dP 1—2a 

For e>0.5, dP has the same Sign as da, and for a< 0.5 it has the opposite 
sign. Therefore, when mass flows from m,to m,, P increases if a>0.5 
and decreases if a<0.5. In BLyr, a= 0.4 and Pis therefore expected to 
decrease. The observations, however, give a different result. The Pof 


8 Lyr increases by 0¢,3838-10-5 per period. The annual increment “ef is 


0.853-10°5 This effect can be correctly understood if we remember that 
gas is ejected with parabolic velocity. In the limit, the star of mass m, 
can be treated as a point mass. Then for the change in the dimensions of 
the orbit we get 

dinA _ ___d In(m,+mz) (146) 


di dt 


and for the change in the period 


dinP _ a In (m+ mg) 
Ao 4 (147) 


Using (147) we obtain for the annual loss of mass 


—4" __ _ 0,427.10". 

m+ im, 
Hence it follows that the ejection of gas has been going on for no more than 
105 years, since the present-day mass of the cB9 star is actually one of the 
largest among stars. If before expansion the cB9 star went through an 
equilibrium stage, this stage was very brief, since we know of no equili- 
brium stars of such large mass. It therefore seems that 10° years is the 
upper-bound value for the age of BLyr. A similar conclusion is obtained 
for S Dor. In other systems, however, gas ejection provides no indication 
of age. We can only estimate the duration of the expansion stage responsible 
for the gas streams. 

Since gas flow from one star to its companion invariably leads to the 
expansion of the latter star /15/, stellar masses in fact change only by the 
mechanism described under case 2 above (Eq. (147)). In close binaries, the 
period may only increase on the cosmic time scale. Therefore, a system 
with a large period will never evolve to a system with a small period. 

If no gas ejection is observed, the star retains a constant radius. More- 
over, we can maintain that these stars have not experienced any previous 
substantial compression, since generally the figures of the stars in close 
binaries are slightly less than the Roche limit, whereas the formation of a 
binary from any diffuse medium is bounded by the Roche limit. This is one 
of the main arguments in favor of the simultaneous formation of the two 
components from the diffuse medium. 
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If the mass of the components decreases in the course of evolution, 
whereas the stars remain on the main sequence (moving along the main 
sequence in the spectrum— luminosity diagram toward higher stellar 
magnitudes), low-mass Stars can hardly be expected to occur in close 
binaries, We do not know but that eventually the components of fLyr will 
become Sun-type stars with a much longer orbital period (such systems 
would be difficult to observe owing to the marked contraction in the relative 
dimensions of the stars), but it seems obvious that stars in binaries of 
subclasses blII, clI, ell, and fll have never had masses greater than their 
present-day mass, since their current figures as such are close to the 
Roche limit. In the past, these stars could only have been smaller. 
Moreover, if the loss of mass by evolving stars were monotonic, proceeding 
at a higher rate for high-mass stars, a definite levelling of the component 
masses would be obServed in close binaries, This mass levelling would be 
more pronounced inc,d,e, andf systems. Infact, however, the mass ratio 
in these systems is on the whole the same as in a,g, and b systems, 

These data are incompatible with the hypothesis according to which the 
stars evolve along the main sequence. Despite the overall paucity of the 
observational material, it seems evident that the main-sequence stars may 
form from the start in different parts of the main sequence. The main 
sequence is thus not an evolutionary sequence, and different main-sequence 
stars may be of one age. 

It is apparently not by chance that the non-stationary star or the super- 
giant (expanded star) in a and g systems almost always has the larger mass. 
Indeed, if we remember that the low-mass component evolves at a slower 
rate than the high-mass star (it burns energy more Slowly and the chemical 
composition changes slowly), a stationary star of low mass will take more 
time before it starts expanding (following the gradual increase in tempera- 
ture with conversion of hydrogen into helium and increase of helium content). 
The mass of the star as if determines the rateofitsevolution. The existence 
of perfectly stationary a and b systems suggests that even high-mass stars 
(Y Cyg, and others) initially pass through a stationary state. The non- 
Stationary stars — Be stars, Wolf—Rayet stars, supergiants, and apparently 
some of Lhe giants — probably constitute a second stage in the evolution of 
massive O and B stars, since the stationary and the non-stationary star (or 
the supergiant) in the system are of the same age and the observed difference 
between them is traceable to the difference in their masses, In binaries 
with equal component masses, both stars are either stationary (Y Cyg) or 
non-Stationary (S Dor). 

The longer duration of the stationary stage for low-mass stars (b andc 
systems) is apparently responsible for the great number of stars in spectral 
types A and late B in the spectrum—luminosity diagram. Here the transition 
to the giant phase is not as apparent as for the massive stars, although 
giants as a rule combine in pairs with B and A stars (TV Cas, SX Cas, 

U CrB, RV Tel, and others). Even more often, the second and generally 
non-stationary star is a subgiant (U Cep, U Sge, and others). Since the 
masses of subgiants are not greater than the solar mass, we have here a 
case of non-stationary low-mass stars. Non-stability may thus apparently 
set in during the early evolutionary stages too, since the primary star in 

a cII system is evidently a young star (from stellar kinematics and dynamics, 
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B and A stars are on the average younger than the main-Sequence stars of 
later spectral types). 

The existence of close binaries with two main-sequence stars (d system) 
whose spectra are of a later type than the spectra of the primaries in cI and 
cII systems can be understood if we assume that the two stars in these 
systems remained stationary for a long time, retaining their original mass 
and luminosity. 

Stars of class f deserve particular attention. There is not a single f 
binary where a subdwarf combines with a main-sequence star. Subdwarfs 
combine only with subdwarfs. Either this shows that there is no genetic 
relationship between subdwarfs and other stars, or else it is evidence of 
the preat age of subdwarfs compared to other stars, In this case, f systems 
could be regarded as "'old'’ systems. Note that gas ejection is observed 
almost in all the f systems, which points to a common tendency of the 
atmospheres of subdwarfs to expand. Theoretically this is quite possible 
if we assume that the reserve of nuclear "fuel" in subdwarfs has been 
mostly depleted. When the last of hydrogen is converted into helium, the 
opacity of the stellar gas increases, the temperature and pressure at the 
center increase, and the star as a whole expands. 

These are the only conclusions which can be drawn at this stage from 


direct observational evidence. 
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Part Three 


VARIABLES AND NOVAE 


V.G. GORBATSKII 
Chapter VI 


INTRODUCTION 


Physical variables are stars whose light variation is caused by various 
interior processes, whereas optical variables are stars whose brightness 
varies due to some extrinsic factor, such as periodic eclipsing by a 
companion star. Optical variables were treated in Chapter V. In the 
present chapter we are specifically concerned with physical variables so 
that the use of the unqualified noun ‘variable need not cause any 
confusion. 

The first star whose light was observed to vary (with the exception of 
a few novae known since antiquity) was o Ceti, which was aptly called 
Mira, the Miraculous. During the 200 years from the discovery of light 
variation of o Ceti (1956) to the publication of Pigott's first catalogue of 
variables, only 12 stars of variable brightness were discovered. The 
improvement of observation techniques in the middle of the 19th century 
(Argelander ) and mainly application of photographic methods (E. Pickering) 
lent a more extensive and systematic character to the research of 
variables. About a thousand variables were known at the beginning of the 
20th century. With further improvement of observational techniques 
variables were being discovered in ever increasing numbers, and by 1959 
the list of variables included some 25,000 stars. 

The end of the 19th century saw the beginning of a large-scale study of 
the spectra of variables. In 1894 Belopol'skii first observed variation of 
radial velocities in 6 Cep and 7 Aql, and thus provided a new tool for 
probing the nature of variables. The application of photoelectric methods 
enabled astronomers to record small and fast light fluctuations, and this 
considerably enriched our knowledge of different types of variables. 
During the last decade considerable progress has been achieved in the 
study of motions of variables and their distribution in space. 

Generalization of observational data led to the establishment of a 
number of regular features common to different types of variables. These 
regularities are of the greatest significance in studying the structure and 
evolution of star systems. The nature of individual types of variables, 
however, is insufficiently known, and a tremendous number of facts are 
still without theoretical interpretation. A pressing need in a comprehensive 
theory of variables was first felt when a simple comparison of observa- 
tional data for some types of variables shed a new light on the entire 
question of stellar energy sources /1/. 
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§39. Methods of study of variables. Variable stars are generally found 
by surveying photographs of a certain sky area taken at different times. 
Several methods of photographic comparison are available, the most useful 
of which are the following: 

1. Comparison on a blink microscope. The two plates are viewed 
alternately, and the image of the variable star appears pulsating because 
of the difference in the image diameter on the two plates. The pulsating 
star is thus readily detected against the background of fixed magnitude 
stars. 

2. Superimposing a negative on a positive print of a photograph taken 
at some other time; the images of variable stars appear encircled by a 
dark or a light fringe. 

3. Comparison on a stereocomparator. 

In some cases the stellar spectrum suggests that the star is a variable. 
Spectroscopic observations led to the discovery of some novae and stars 
with long-period light variation, whose spectra are highly characteristic. 

A detailed description of the methods of hunting for variables will be 
found in specialized literature /2/. 

The light curve, plotting the stellar magnitude as a function of time, is 
one of the main characteristics of variables. The magnitude estimates 
needed for the plotting of the light curve are obtained by comparing the 
apparent brightness of the star in question with that of comparison stars. 

The magnitude of a star can be determined by a variety of techniques: 

a) from naked-eye brightness estimates, 

b) from visual-photometric estimates, 

c) from photographic photometry, 

d) with an electrophotometer. 

Each of these different methods is described in Vol.I of this Course, 
and their actual applications are discussed in /2/. Note that although the 
photographic method is still the commonest, photoelectric observations 
acquire an ever increasing importance. Visual-photographic observations 
are much too tedious to compete with any success with photographic 
observations (of the same accuracy). Naked-eye estimates, although 
relatively crude, enjoy considerable popularity because of their extreme 
simplicity: they are ideally suited for the large-scale work done by 
amateur astronomers. 

The light variation of stars is not monotonic: their magnitudes fluctuate 
between certain limits. The difference between the maximum and the 
minimum brightness of a star is called the light variation amplitude, and 
the time between two successive maxima (or minima) is called the light- 
variation cycle. In cases when the light variation of a star is fairly regular, 
the star's cycle is called its light-variation period. 

If 7, is the epoch of some maximum and Pis the period, the epoch Tf of 
any maximum is obtained from the equation 


T =T,+ PE, 


where FE is the nurnber of periods during the time T — 7,. 7, is called the 
initial epoch; 7, and P taken jointly constitute the linear elements of the 
variable. 
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To draw a tentative light curve, all the available magnitude estimates 
are plotted on a graph. (The observation epochs, as well as T and 7,, are 
generally expressed in Julian Days, J.D.). 

A smooth curve is then drawn through the various points (or through 
the normal points corresponding to whole groups of observations ). If the 
light variation is fairly fast, the observation epochs are reduced to the 
Sun's center to avoid effects associated with the finite velocity of light. 

The corresponding epochs are called heliocentric, and the index © is 
generally used to identify these quantities. Special tables /3/ and nomo- 
grams /4/ are available for purposes of speedy conversion. 

If a variable star has a constant period, it is generally characterized 
by an average light curve. To construct this average curve, all the 
observations are reduced to a commoncycle. ‘This reduction, however, 
requires exact knowledge of the phase of each observation. The phase of 
an observation is defined as the difference between the observation epoch 
and the nearest preceding epoch when the star had a certain known 
magnitude (it is generally chosen as the epoch of maximum or minimum 
brightness). The phase is normally expressed in fractions of the period. 
Observations of close phase are combined into normal points through which 
the average light curve is drawn. 

The approximate values of the period and the light variation amplitude 
are determined from the light curve. Further observations are used to 
improve these results by a variety of graphic and analytical methods 
(see /2/). 

The periods of variables are often subjected to fluctuations. These 
fluctuations emerge from the so-called 0 —C diagrams, which plot the 
deviations of the observed epoch of maximum from the epoch calculated 
using the linear equation. If the O —C differences as a function of time 
are represented by a curve, the star's period is apparently variable. If 
the results of numerous observations give a strictly periodic 0 —C curve 
and this periodicity is also apparent in other characteristics of the star, 
the natural conclusion is that the light variation displays a dual periodicity. 
By now dual periodicity has been firmly established for few stars only, 
almost all of which are RR Lyrae stars. 

Mostly the trend of the 0 —C curve is ascribed to the so-called cumu- 
lative errors, which build up because of natural imperfections in the light 
variation mechanism of the star. Certain stars, however, occupy an 
intermediate position between those with strictly periodic light variation 
and those without any constant period. In the latter category, the variation 
of cycle length definitely cannot be associated with the effect of cumulative 
errors. It thus seems that the period fluctuations of periodic variables 
are not random either: they are probably inherent in the mechanism of 
stellar variation. The actual reasons for period variation apparently will 
remain unclear until a comprehensive theory of variables has been 
developed. 

Brightness measurements of variables at different effective wavelengths 
(multicolor photometry) constitute a fairly recent development. The results 
of these measurements are used in plotting monochromatic light curves, 
from which the time variation of the color index is inferred. The three- 
color 7, B, V system (see Chapter II) is the most popular. The color— 
maagnitude diagrams are widely used in the analysis of variables. 
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The spectra of variables are studied by essentially the same methods 
as the spectra of constant-magnitude star; the exposure times, however, 
vary with the phase of observation. 

§40. Designation and catalogues. Every newly discovered variable is 
assigned a temporary symbol from the list in use in the particular country 
or observatory where the discovery was made. For example, the variables 
discovered in the USSR are designated by the three letters SVS (Soviet 
Variable Star) and a serial number; variables discovered at the Harvard 
College Observatory, USA, are designated H.V. followed by the serial 
number, etc. 

When the star has been firmly confirmed as a variable, its temporary 
designation is replaced by a definitive one. 

Historical reasons led to the development of the following system of 
variable designation: the first 9 variables discovered in a certain 
constellation are designated by the letters of the Latin alphabet from R to 
Z followed by the name of the constellation; later stars are designated 
RR,..., RZ, SS, ..., SZ, and so on up to ZZ. When the number of 
variables started increasing at an alarming rate in 1907, an additional 
range of symbols was added, AA,..., AZ, ..., QQ, ..., QZ. This system 
is clearly sufficient for labeling 334 stars in each constellation. Further 
variables are simply designated V335, V336, and so on, followed by the 
name of the constellation. Novae are designated by the letter N followed 
by the year of eruption and the name of the constellation; later on, they 
are assigned a usual variable star symbol. When a star designated by a 
Greek letter reveals light variation (as is the case for 8 Cep, BLyr), its 
notation is not changed. The boundaries of the different constellation are 
fixed by the International Astronomical Union (IAU). 

Although this notation system of variables is not ideal, it can hardly be 
replaced without running a great risk of confusion, as the corresponding 
symbols are widely used in the literature. 

Currently the definitive symbols are assigned to new variables during 
the compilation of catalogues. Since 1946 general catalogues of variable 
stars are being compiled and published by the USSR Academy of Sciences 
and the Shternberg State Astronomical Institute. The first catalogue of 
variables was published in 1948. Nine supplements were published 
between 1949 and 1955, and the 2nd edition of the catalogue listing 14,708 
variable stars (including eclipsing binaries) was published in 1958 /5/. 

In addition to catalogues of confirmed variables, there are special 
catalogues of suspected variables. In 1950, the USSR Academy of Sciences 
and the Shternberg Astronomical Institute jointly published such a catalogue 
listing 8134 "possibles" /6/. 

The general catalogue of variable stars gives the following information: 

a) the coordinate of the star in the epoch 1900.0 and its precession; 

b) stellar magnitudes at the maximum and the minimum; 

c) type of light variation and spectral type; 

d) epoch, period, and time of rise from minimum to maximum; 

e) literature reference. 

The catalogue naturally cannot give a complete bibliography on each 
variable star, and special bibliographical indices are therefore published. 
In 1934—1936 the Berlin Observatory published Prager's bibliography for 
the years 1915—1933 for all the variables in Andromeda—Ophiuchus /7/. 
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The great project was not completed at that time, and only in 1952 Schneller 
published an additional volume containing the bibliography for the years 
1916—1950 on variable stars in Orion—Vulpecula. The bibliography for 
all the variables identified between 1930 and 1938 and previously omitted 
references were included in Vol. IV published in 1957. The bibliography 
on stars discovered prior to 1915 was published in 1918—1922. 

The various results on variable stars are published in a range of 

stronomical publications. The Soviet journal Peremennye Zvezdy 
(Variable Stars) published since 1928 is exclusively devoted to the 
research of variables. It publishes theoretical papers concerned with 
stellar variation phenomena, reports of new variables, and results of 
observations of individual known variables. 

Amateur astronomers make an invaluable contribution to the observation 
of variable stars. In some countries (England, France, New Zealand, 
Japan), the work of amateur astronomers is published in special bulletins. 
These publications mostly contain only the results of brightness observations 
and the ephemeris (the predicted epoch of maximum) of the variable. 

§41. Classification of variables. So far no satisfactory and consistent 
theory of stellar variation has been developed for most types of variable 
stars. The existing classification of variables is therefore based on various 
external signs and as such is inevitably tentative. The character of light 
variation considered in conjunction with spectral features generally serves 
as a basis for classification. Kinematic characteristics and the spatial 
distribution of stars are sometimes also considered. 

In terms of light variation, the variables are divided into regular, 
semiregular, andirregular. Regular variables can safely be 
classified proceeding from the shape of the light curve and the length of 
the period. The classification of semiregular stars is less certain, and 
the group of irregular variables contains stars of widely differing light 
curves. We thus clearly require a further characteristic for the classifi- 
cation of variables, and especially irregular variables. The star's 
luminosity provides the missing data. In terms of luminosity, all the 
variable stars fall into two groups. 

I. Stars which retain a high luminosity during the entire light-variation 
cycle; these variables correspond to the giant branch on the Hertzsprung— 
Russell diagram. 

Il. Stars whose luminosity is medium or low during the entire cycle 
(or at least at the minima). 

Each of these groups includes stars with similar light variation curves. 
Stars under II generally show abrupt, discontinuous changes of magnitude, 
whereas the light variation of most stars under I is smooth and gradual. 
The classification of variables according to their luminosity thus brings 
out groups of stars with common light curves and it is therefore 
physically meaningful. Schneller used this luminosity classification /8/ 
and it was also adopted in a number of reference book. 

The classification that follows is based on light variation and spectral 
features. It largely coincides with the classification system adopted by 
most authors, although it lacks in detail and identifies only the firmly 
established types of variables. The list below enumerates the different 
subdivisions of Group I in the order of decreasing periodicity. A brief 
description of the relevant characteristics is given for each type. 
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The high-luminosity variables include the following types: 

1. Cepheids. These variables are distinguished by their strictly 
regular light variation. 5 Cep is regarded as the prototype of this class. 
In terms of the light-variation period the cepheids are divided into two 
subtypes: 

a) Short-period cepheids or RR Lyrae stars, with light-variation 
periods of less than one day. These are stars of spectral types A—F 
which constitute the halo subsystem of the galaxy. A typical representative 
of this group is RR Lyr. 

b) Long-period cepheids with periods ranging from 1 to 80 days and 
light-variation amplitudes from 1” to 2". Their spectral type at the 
maximum is F2—F4 and at the minimum Gor K. Stars with longer periods 
have a later spectral subtype at the minimum. The absorption lines in the 
cepheid spectra shift periodically in phase with the light variation. The 
long-period cepheids show a pronounced concentration toward the galactic 
plane. A typical representative of this group of ny Aql. 

2. B Canis Majoris stars constitute a relatively small group of 
variables. They are characterized by strict periodicity and small 
amplitude of light variation (less than 0".25). The periods range from 3 to 
6 hours. Radial velocities variable. Spectral type B (luminosity 
class III—IV). 

3. Long-period variables. The light variation is periodic, but 
the periods fluctuate (by as much as 10% of the average period, and 
occasionally more). The periods of these variables range from 70 to 
1300 days. The light variation amplitudes are generally very large, 
reaching 7"; they vary from one cycle to the next, together with the shape 
of the light curve. Most stars are of spectral type Me, although some have 
Se and Ce spectra. Near the maximum the spectra of long-period variables 
show bright hydrogen emission lines, and near the minimum they display 
bright metal emission. Both the absorption and the emission lines show 
an insignificant shift from their normal position (10—15km/sec); the 
shift is a function of phase. The long-period variables reveal but a slight 
concentration toward the galactic plane. o Cet is a typical representative 
of this group. 

4. RV Tauri stars. Most of the time the light variation of RV 
Tauri stars is periodic, with periods ranging from 30 to 150 days. The 
minima are of varying depth, and the deeper (primary) minima generally 
alternate with shallower secondary dips. The amplitudes of these stars 
are between 0.8 and 3”".5. Spectral types F,G, or K. Some stars 
acquire bright hydrogen lines near the maximum and TiO absorption bands 
near the minimum. The average brightness of some RV Tauri stars is also 
variable, with a period of a few years. 

5. Semiregular and irregular late-type variables. 
These stars include: 

a) Yellow" semiregular stars (spectral types F,G, and K). Their light 
curves are on the whole similar to the RV Tauri curve, though somewhat 
less regular. S Vul is a typical representative. 

b) "Red" semiregular stars (M type) with cyclic light variation. The 
length of each cycle is about 100 days and the amplitude is a few tenths of 
a stellar magnitude. Some of these stars have a constant average 
magnitude (e.g., AF Cyg, RS Cnc), whereas the average brightness of 
others is slowly variable (p Cep). 
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c) Irregular late-type variables, without any periodicity in their light 
variation. The amplitudes are invariably small (<1). Most of these stars 
have M-type spectra, although K, C, and S spectra are also observed. A 
typical representative is U Del. 

6. Be stars. B-type stars with bright hydrogen emission lines in 
their spectra. Their magnitude is variable, but the light-variation ampli- 
tude is generally small (0".1— 0".2); in some cases, however, it may 
reach 1.5 (y Cas). 

Be stars have variable spectra, and are therefore classified as spectro- 
scopic variables. 

Spectroscopic variables are generally characterized by small light 
fluctuations, and are mainly detected from the pronounced variations in 
their spectra. 

7. a? Canum Venaticorum stars. This fairly small group pro- 
vides another example of spectroscopic variables. Theseare A stars witha 
strong magnetic fields. Their spectra show lines of rare-earth elements 
whose intensity varies with periods from 1 to 20 days. The light variation 
is most insignificant (with amplitudes < 0".1). 

We will now consider the classification of medium- and low-luminosity 
variables. This group includes stars with tremendous light-variation 
amplitudes, which is indicatory of the catastrophic nature of processes 
responsible for light variation. For this reason these variables are 
sometimes described as 'cataclysmic.'' They include the following types: 

1. Novae. These are stars whose brightness increases rapidly (ina 
few days or weeks) by a factor of 10* (by 10"—11"). This brief ''eruption" 
is followed by a gradual decay. The spectra of novae in the postmaximum 
stage show wide emission bands of hydrogen, helium, and other elements; 
the structure of these bands points to ejection of stellar matter with high 
velocities. 

2. Supernovae. Similar to novae, but their brightness increases 
during the eruption by as much as 20”. 

3. Recurrent novae. These stars erupt like ordinary novae, , 
though with a smaller amplitude (7"—9"). The eruptions recur at an 
interval of a few decades or centuries. A typical representative of this 
group is T CrB. 

Stars of the following group are closely related to the above types: 

4. ZAndromedae stars or nova-like stars. These stars 
derive their name from the recurrent eruptions which are similar in many 
respects to the eruptions of novae. The brightness of the erupting star 
increases by 4"—5", and the declining branch shows damped oscillations. 
Z And spectra present the combined features of a hot star surrounded by 
an envelope (hydrogen and helium emission lines) and of a cold star (TiO 
absorption bands). 

The following stars are also often included among the nova-like 
variables. 

5. UGeminorum stars, and 

6. ZCamelopardalis stars. 

A detailed study of the light curves and spectra of these stars shows, 
however, that they have very little in common with novae. U Gem stars 
show cyclic light variation. The height. of the maximum varies from one 
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eruption to the next, and the brightness slightly fluctuates during the 
prolonged minimum. The light variation amplitude is a few stellar 
magnitudes. The spectrum between successive maxima shows strong 
hydrogen emission lines and continuum emission, whose profiles are 
definitely unlike those of the emission lines in the spectra of novae. At 
the maximum the spectrum shows very wide unshifted absorption lines. 
The light variation of Z Cam stars is not unlike that of U Gem stars, but 
occasionally the succession of maxima is interrupted for a fairly long 
period, during which the star retains a constant magnitude which lies 
between the maximum and the minimum. 

Additional stars included in this group are the following: 

7. R Coronae Borealis stars. Most of the time stars of this 
type retain a constant magnitude; occasionally the brightness falls 
abruptly a few stellar magnitudes, and subsequently the star waxes 
gradually to its usual brightness. The energy distribution in the spectrum 
invariably correspond: to G-type stars throughout the cycle. During the 
stage of constant magnitude, the star has an absorption spectrum but 
bright lines develop when the brightness falls. The luminosity of R CrB 
stars during the constant brightness stage is high, corresponding to the 
luminosity of giants; in minima these stars are typical dwarfs. 

8. RW Aurigae stars. The spectral types of these stars range 
from B to M inclusive, but most stars are of spectral types F,G, and K. 
Their light variation is quite irregular; sometimes the brightness varies 
at a fast rate, changing by 3"—4™ in less than one day, whereas in other 
cases the variation is much slower. No detailed classification has been 
developed so far for RW Aur stars; nevertheless T Tau stars are 
distinguished as a separate subtype. T Tau itself and the related stars 
have a distinctive yellow color (G—K spectra) with bright lines in their 
spectra. They show a peculiar distribution in space: all the known T Tau 
stars are concentrated in several dense groups, known as T associations. 
In terms of luminosity, RW Aur stars are main sequence stars and T Tau 
stars are dwarfs. 

9. UV Ceti stars. Starsofvery low luminosities and spectral type 
adMe. Their spectra show bright lines of hydrogen and ionized calcium. 
They are subject to sudden flares, the brightness of the star increasing 
in a few minutes (!) by several stellar magnitudes and then dropping back 
to its initial value in not more than one hour. The flare is accompanied 
by a continuous emission spectrum which veils the absorption spectrum. 
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O,A. MEL'NIKOV 
Chapter VII 
CEPHEIDS 


§42. Long-period cepheids, These stars have been studied by numerous 
authors. In describing their characteristics, we will mention only few of 
them by name as typical cases, 

1, Light curves of cepheids are characterized by the following "light 
elements": the time or the epoch of the maximum 7, (initial time), the 
period P, and the mean mor median mmea Magnitude, * 

The variation of the cepheid magnitude over a short period of time can 
be expressed by a linear relation from which the ephemeris, i.e., the 
Julian Date of the forthcoming (or past) maxima, can be calculated: 


Toar=Ty)+P-E. 


Here £ is a whole number of periods (the number of epochs) elapsing since 
the epoch Tmax. At any other time of observations, we have for T 


T=T7,+P-E+O%, 


, : . m m *, sad 
* The median magnitude is Mracg =m = where m,and m, are the stellar magnitudes at the minimum 


and at the maximum, respectively. The mean magnitude m, also used to express the parameters of 
period—luminosity and other curves, is a simple average of the available magnitude estimates, 

The available estimates are assumed to be uniformly distributed over the entire light curve. 
Alternatively, m can be defined as the magnitude dividing the area enclosed by the light curve into 
two equal parts, above and below the corresponding horizontal line. The median magnitude mneq is equal 
to the mean magnitude m only for stars with symmetric light curves, i.e., types cand C; it is preater than 
the mean magnitude (i.e., the median luminosity is lower) for stars with skewed light curves (types a, A and 
b, B, see below), For short-period cepheids the median magnitudes are virtually constant (with a small 
dispersion), a highly useful feature for the determination of distances to globular clusters (without previous 
knowledge of the light period), The mean magnitudes of the short-period stars, however, are not constant: 
they increase with increasing period (the stars grow weaker) because of the correlation between the shape 

of the light curve and the period (the Hertzsprung—Ludendorff relation), Currently the mean magnitudes of 
cepheids are calculated from the ratio /f), and not from the equality m= =2,5 lg i/ly + mo, where | 

is the apparent (relative) luminosity, or intensity. Only this quantity characterizes the intrinsic radiation 
of the star, my and J) are associated with the particular scales used. The magnitudes are used to plot the 
light curve in units of intensity 1/[o= 107%4"—™); it is a well-known fact that if mmin—mmax>1—2™, 
the light and intensity curves are entirely dissimilar, the best example being the long-period variable x Cyg 
iu Figure 39 (type D). After that, the area under the curve is measured planimetrically, the mean relative 
luminosity !/¢, bisecting this area is found, and it is used to determine the mean magnitude m, Clearly 
m=m i in general m is also greater than m, which corresponds to luminosity I</ (in this case we take 
mo=0, lb=1). 
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where (7,+ P.-E) is the Julian Date of the preceding maximum, and @* is 
the phase in days. Alternatively, 


T—-T, 
P 


=E+@?. 


‘Here @? is the phase in fractions of the period. 
The shape of the light curve of cepheids is characterized by its ampli- 


tude, skewness ex tutte, where 7,;,is the time of the maximum, 7, the 


time of the minimum, and a range of other features, in particular the 
presence of a "hump," its phase and area (in fractions of the total area 
enclosed by the light curve), the Fourier components of the light curve, etc. 

Figure 39 shows specimen photoelectric curves of the long-period 
cepheids 6 Cep, 7 Aql, and ¢Gem (Guthnick, Weyl, and Eggen). 6 Cep has 
a regular but skew light curve (the rise branch being steeper than the 
descending branch). ¢ Gem, conversely, has an almost symmetric light 
curve.  Aql, onthe other hand, has a 'hump"'on the descending branch 
of its skew light curve, near the phase 2%. 
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FIGURE 39 


The peculiar features of the light curves of long-period cepheids 
necessitated the construction of "standard" light curves for classification 
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purposes; the standard light curves are based on the average results of indivi- 
dual observations using different instruments at different observatories and 
combine curves of similar periods, etc. These 
standard curves are furthermore free from certain 
errors andare thus more reliable than the individual 
curves. The most widely used are the standard 
curves of Kukarkin and Parenago (1936— 1937). 
Some of these curves are shownin Figure 40. 

We see from the figure that cepheids with 
relatively short periods (2—7‘) have skew curves, 
similar to those of the cepheids with periods of 
14¢ and longer. Cepheids with periods of about 
10 days have virtually symmetric curves (e ~0.5). 
Stars with periods of 6 days have a secondary 
wave — a hump" — on the descending branch. 

As the period increases, the hump climbs up the 
descending branch. At the same time its area, 
generally expressed in units of the area enclosed 
by the entire curve, increases. For cepheids with 
periods slightly less than 10 days the hump reaches 
the primary maximum and displacesit, soto say. 
The displaced maximum apparently migrates down 
the ascending branch in the formofa secondary, 
weaker wave. Incepheids of longer periods this 
secondary wave grows weaker and then disappears 
altogether. Weare probably dealing with a super - 
position of two oscillations. Their relative contri- 
butions are apparently different for cepheids of dif- 
ferent periods. The only exception are the 10-day 
cepheids, where both oscillations are roughly equi- 
0.5 a o QS a valent. This critical periodis also manifested in 
other characteristics of the long-period cepheids; in 
particular, some of the critical-period cepheids, 
e.g., x Pav (P +94), show significant variation of the 
period (Kukarkin and Gits, 1937). For cepheids of longer and shorter periods, 
no significant variation of periods is observed. There are, however, some 
indications that the period of 6 Cep slowly decreases (by about 0.1 sec 
annually), but the data available are insufficient for a conclusive proof of 
this variation (Sentsova, 1959). 

The epochs of maximum of a number of stars, in particular of € Gem, 
cannot be adequately fitted with a linear relation. An additional quadratic 
term is therefore introduced 


FIGURE 40 


Tmax =T,+P-E-+ gE’. 


Here is either positive or negative depending on the sign of period 
variation (whether incrementing or decrementing). Generally qg is fairly 
small. Calculating 7m for the epochs £ and £ + 1 and subtracting one from 
the other, we obtain an expression for the period, i.e., for the time between 
two Successive maxima: 


max — Umax = P = Py + 2gE + q = Py + 2gE. 
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Hence it follows that the presence of a quadratic term makes the period 
roughly proportional to time, or E. The period may either decrease (g¢ < 0) 
or increase (¢>0). Evidently, 


is the time rate of change of the period. For {¢ Gem, e.g., 2q= —14,15- 10-5; 
therefore Tinax = 2,410,639.801 + 104,153527 E — 04.575-10*E?, A number of 
astronomers, in particular Florya and Kukarkin (1932) and Kulikovskii 


(1935), have shown that the rate of change of the period (24 = a) and the 
period (P) are related by the equality 


le|- Se |= —lel+lolleP. 
This is the equation of secular variation of the cepheid periods. 

A detailed study of this problem has shown, however, that the observed 
variation of the period may be due to evolutionary factors, random errors, 
light detector properties, insufficient accuracy’ of the variable (significant 
fluctuations in P), ete. The superposition of all these factors may produce 
an impression of a variable period (cumulative errors). 

T. Sterne (1934) in Harvard developed a special method for isolating the 
contribution from the real, evolutionary variation of the period. Unfortu- 
nately the application of this method to a number of variables failed to 
provide a conclusive answer. Nevertheless, the role of cumulative errors 
must be established, as it is of bovious interest. Note that neither signifi- 
cant changes in the shape of the light curves nor secular variation of the 
mean magnitude were observed for the long-period cepheids. This is due, 
in particular, to the fact that high-precision photoelectric curves (accurate 
to within +0",01) are a relatively recent achievement, whereas the search 
for secular variations requires long observation series. Besides the 
progressive variation, the periods may also experience irregular or even 
periodic fluctuations. In the latter case, the quadratic (parabolic) term 
in the equation Of Tmax Should be replaced by 
a sine term of the form A sin(8.E+C), 
Long-period cepheids, however, generally 
fail to reveal fluctuations of this type. 

Note that the light curves of long-period 
cepheids in extragalactic nebulae, e.g., 


ioeo 1 ae es M 31 (in Andromeda), M 33 (in Triangulum), 
psi ae 4-00 and NGC 6822 (in Sagittarius), are similar 
7190 0 .64 0 :57 to the light curves of the galactic cepheids. 
sali wc Mest The light variation amplitudes A, of the 


cepheids decrease with increasing wave- 
length. Monochromatic light amplitudes of 
6 Cep and n Aql obtained by photoelectric methods (Stebbins, Whitford, 
et al.) are listed in Table t. 
If the energy distribution in the continuous, spectrum of cepheids can be 
represented by Planck's equation with a hypothetical, so-called spectro- 
photometric or color temperature 7,, the variation of amplitude with 
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wavelength is described by 


RR (AT m) 7 e 
A= —2.5]g = — Sle —™@ — 2.5lg —_—_ = 
m 8 Rh (Ty) ey 8 xs 
e 
1.086 


a 
5 Rn 
= —5lg Fe 449 (gt —-FE) + arc, | es 


Here R is the radius of the star and 


Ax. Ti TiS Db ig ME), 


(1—e_ AT my 


the subscripts M and m referring to the maximum and the minimum, 
respectively. For long-period cepheids of moderate temperature, Az is 
generally small. In the infrared, i.e., for A>, 


A,—> 5g Z™— 2.5 7 = const. 


In the ultraviolet, for 4-»0, A,—>o. It is clear, however, that the 
limiting values are applicable only if the energy distribution in the entire 
spectrum is Planckian. Observations of the Sun, which is close in its 
spectral type to average-period cepheids, show that this is not quite so. 

In 1936, A. Bleksley established for cepheids the relation R-T = const 
or approximately R-T,= const. If at long wavelengths we use the Rayleigh— 


Jeans formula (J (A, T)~i) we have for the light amplitude 


A= — Sig G2 —2.5lg 7" = —25lg 7%. 


a0 
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FIGURE 41 


Thus, in the far infrared, the light variation amplitude reverses its sign 
and the curve is inverted. The radiation of a star decreases with increasing 
temperature, and vice versa. There is a certain tendency to a displacement 
of the phase of the maximum. This is evident from the light curves of 5 Cep 
(Figure 41). On passing from the ultraviolet to the infrared region, a 
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certain lag in the phases of maxima and minima is observed. The corre- 
sponding epochs of the infrared curve are somewhat later (photoelectric 
observations of Stebbins and others), This problem was investigated by 
T. Dambarain1951. Unfortunately, radiometric measurements of the light 
curves of 5 Cep and 7 Aq] at effective wavelengths of 20,0004 = 2u failed 
to reveal the expected lag of maximum and minimum phases. The accuracy 
of these observations was very low, however, much lower than the accuracy 
of the photoelectric curves. Kukarkin studied 23 long-period cepheids and 
derived an expression for the lag of the maximum phase of the visual curves 
relative to photographic curves, A®= 0°.079—0?,1025 lgP. * 

In the author's opinion, the apparent shift of maxima and minima between 
ithe short-wave and the long-wave curves is due to differences in the rate 
at which the photospheres of cepheids grow "transparent" as the star 
compresses and expands. Thus, if the photosphere expands near the 
minimum (and the density rapidly decreases), the observed minimum occurs 
earlier than the true minimum does. This is so because as the photosphere 
becomes transparent, the radiation reaches the observer from deeper 
lying strata even before the minimum has been reached and the star appa- 
rently contracts. A similar effect, though on a larger scale, is observed 
in the expanding photospheres of novae. The results are different at 
different wavelengths, since the opacity of the photosphere is different, 
which explains the phase lag. The expression for the light amplitude is 
briefly written in the form 


Ay = Ar+ Ar, x. 


Here Ap and A;, are the changes in luminosity associated with changes 
in the radius and in the temperature of the star, respectively. Therefore, 
if we choose two points with equal color indices on the light curve, the 
difference in stellar magnitudes Amr will correspond to the contribution 
from the changes in the surface of the star between two given phases. Thus, 


Amp = — 2.54 Ig (4nR?). 


Writing AR and AR, for the increment of the radius A;—R=AR, (R being the 
average for the phases of equal color, when the temperature amplitude is 
zero), we have 


5] (ALAR)? 


a = Amp, 

(H+AR,)* 

H+Ah\* 1, 
Ream) =Ig71 Amp-0.4, 
FHA _jo-1 0.2=— 
eee Ig Amp-0.2=n. 


Finally, for the average radius we get 


—  mAR,—AAR, 
R= 1—n 


Here nis read off the light curve, and AR, and AR, from the radial 
velocity curves. We can thus calculate A (provided the phase shift of m and 
vr is disregarded). 


* From observations at various wavelengths for 8 Cep (Stebbins), say, AM = 0.000, 0,009, 07.024, oF.037, 
0P,050 for A= 353, 422, 488, 570, 719 and 1030 my. 
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Thus, Stebbins (1953) obtained from his photometric measurements* 
R-10°'km = 3.7+0.1, 4.7+0.2 and 0.50+0.06 for 6 Cep and yn Aql, 
respectively. 

The above expression for A(A, 7) can be applied with the least squares 
method to calculate (if the amplitudes 4 are known for various wavelengths 
1) by successive approximations the values of 7 and 7, without reference 
to low-temperature (7x 2600°) terrestrial sources, such as lamps, arcs, 
etc. These reference standards are highly inadequate, since the transition 
from low to high temperatures involves a tremendous loss in accuracy 
(since the formulas are exponential). The results obtained by this new 
method for 5 Cep and nAql are listed in Table 2, ** 


TABLE 2 
es Degrees Kelvin 
ads Becker (h=557 my) _ Mel'nikov | Spectrum 
Star 7 (absolute 
\] 110009 13500° 18yo? 4=570 my) 
5 Cep 
M 6200° 6800° 7600° 7080°+870? F5 
Tn 5000° 5400° 5800° 5040°+ 480° G3 
7n Aq) 
Tr; 56n0° 600N° 6600? |#280°+15407] FA 
Tm 4200° 4400? 4800°  [47GUSE 9BU"] G3 


Table 2 also lists the spectrophotometric temperatures 7; obtained by 
W. Becker in 1937 —1940 following an extensive study of a number of 
cepheids using reference stars with various temperature zero points. 7's 
was determined by the conventional method, from the relative gradients 
of the cepheids 


Ag = Pcep — Po- 


Here @ are the absolute gradients of the reference stars. The absdlute 
gradients of the cepheids can be found from 


fe 


——% (1 ~~ *Tepy-1 
Pcep = Tcep ee ep). 


The uncertainty is associated with the ambiguity in the definition of q, 
in various temperature scales ranging from 10,000 (Potsdam) to 18,000 K 


* Note that the determination of AA; by integration of the radial velocity curve between points of equal color 
index is complicated by the relative phase shift of the monochromatic light curves (see previous footnote). 
For example, Sycheva's data (1949) based cn Stebbins's six-color photometry give the following expression 
for the phase shift of the light curve as a function of wavelength: 


Aph, = — 0.0408 4-0” .000007144 (A). 


This phase shifc and the phase difference between light and velocity curves gives different average radii 
if different combinations of light curves are used. For example, the U+G and ¥V+R curves (3530, 57Q0 A 
and 4220, 7190 4) give average tadii of 21.5 and 36.4 Rr, respectively. Other color combinations give 
intermediate values. The problem is further complicated by the phase relations between the light curve and 
the radial velocity curve, which remain even if we ignore the famous 1/4 period shift (the “mirror image” 
shape of the two curves), 

** Atthe 1960 Conference on Variable Stars in Rostov, V.V. Prokof'eva reported the results of a reduction 
of the monochromatic amplitudes of a number of long-period cepheids by Mel'nikov's method. The 
results were fully consistent with Mel'nikov's original data. 
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(Old Greenwich) for AO stars. More exact determinations of Toop by the 
new method, without any zero-point uncertainty, were carried out for 6Cep 
and y Aql by Mel'nikov in 1955 and are also listed in Table 2. The weak 
point in this case is the application of blackbody or at least ''gray body” 
equations to real cepheids. This is, however, not a bad approximation, 
since the Sun, as we know (whose spectrum is close to that of 6 Cep and 
1Aql), satisfies the gray body hypothesis to first approximation. 

The relative gradients of cepheids in relation to AO stars can be found 
with fair accuracy. The determination of their spectrophotometric 
temperatures therefore provides a method for independent determination 
of the temperature of AO stars. The spectrophotometric temperature of 
these stars was found to be Tap = 15,400°K. Analysis of the 4, vs. P curve 
gives 7, as a function of P for the entire sequence. This result was 
originally obtained by Mel'nikov in 1944. At that time, however, no 
reliable A, values were available for several spectral regions and for 
numerous cepheids. The study was therefor based on two A, values only — 
photographic and visual; the results are thus highly tentative. 

Mel'nikov originally explained the observed spectral characteristics of 
long-period cepheids using Kozyrev's and Chandrasekhar's theory of 
extended photospheres (1934), The fit was on the whole satisfactory and 
even shed light on the anomalous excitation and ionization in cepheid 
atmospheres. 

Most interesting theoretical calculations of light amplitudes of cepheids 
using models of F—G stars were carried out and published by Canavaggia 
and Pecker in 1952. The ratio of maximum to minimum radius was found 
to be 1.2, whichis in good agreement with the results of observations (1.1 
according to Stebbins's six-color photometry). 

The most detailed and fairly accurate photographic observations of 
amplitudes and magnitudes of various cepheids at all the wavelengths from 
red to violet were carried out by Becker (1937—1941). Eggen studied 
Photoelectrically the magnitudes of various long-period cepheids in two 
spectral regions (32 stars) using the 12-in. Lick Observatory refractor. 

He classified all the stars into three groups, designated A,#, C. Typical 
representatives of these groups were 6 Cep, » Aql, and € Gem, respectively. 
The main feature used in this classification was the dependence of the light 
and color amplitude on the period. A similar division, although based on 
the shape of the light curve only, was proposed by S. Bailey back in 1902 
for short-period cepheids (RR Lyrae stars). The corresponding groups 
were marked a, 6,c. Parenago studied in more detail the classification of 
cepheids (1955) and showed that the period— photographic amplitude relation 
(even for amplitudes measured photoelectrically) for long-period cepheids 
is more of a correlation than a dependence. The above classification of 

the long-period cepheids into groups 4A, B, and C is thus highly tentative, 
though not entirely improbable. 

2. Spectrum variation curves. The spectra of cepheids, mainly 
Studied at the Harvard Observatory, show that on the average the amplitude 
of spectrum variation from maximum to minimum corresponds to one 
Spectral type. At the maximum or near it, the star is of an earlier spectral 
type than at the minimum. The spectra of 6 Cep in various phases of the 
light curve are shownin Figure 42. 
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Spectral subtypes 


FIGURE 42 


Adams and Joy obtained in 1918 at the Mount Wilson Observatory high- 
dispersion spectra of a number of cepheids near the maximum and the 
minimum, Having determined the spectral type, they reached the unexpected 
conclusion that only the spectrum derived from the hydrogen lines showed 
any Significant variation. The spectrum obtained from the metal lines 
remained largely unchanged. However, Mel'nikov showed in 1944 that this 
result of Adams and Joy stems from a misunderstanding. A rapid change 
in the intensities of the metallic lines is observed slightly before the 
minimum, and not at the minimum proper. Therefore, the spectra taken 
at the very minimum generally do not reveal any rapid change in the 
metallic line intensities and thus create a false impression of constant 
spectrum, Figure 43 shows the spectrum variation curves of 6 Cep and 
nAql obtained from hydrogen (Balmer, continuous curves) and metal (Cal, 
Fel, SrII, dashed curves) lines (Mel'nikov's data). Table 3 isacomparison 
between the findings of Adams and Joy and Mel'nikov. 


Qla@8a 4 


FIGURE 43 
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TABLE 3 
Author; phase and characteristic (HD) 
Adams and Joy Mel'‘nikov 
Star 
maximum minimum minimum 
hydrogen | metals | hydrogen hydrogen 
6 Cep F2 F9 F9 F2.4 


F3 F9 F2.4 


We see from Table 3 that if the spectral type is determined near the 
maximum and the minimum only, then indeed only the hydrogen spectrum 


shows variation, If, however, the variation of the spectrum is followed 
for all the phases, the metallic spectrum is found to be equally variable. 
In this case, however, a later-~type average spectrum is obtained, not 
unlike the situation observed for A stars with metallic lines. 
in terms of metallic lines these stars are generally classified as F type. 
The average data of Figure 43 are listed in Table 4. 


TABLE 4 
6 Cep n Aql 
Spectrum Spectrum 

Phase | (HD) Phase HD) 
04.0 FS 07.0 F6 
0.5 F6 0.5 r6 
1.0 F7 1 .0 FT 
1.5 F8 1.5 F8 
2 .0 F8 2.0 F8 
2.5 Fo 2.5 ¥9 
3.0 G1 3.0 GO 
3.5 ¥3 3.5 Gi 
4 .0 Fo 4 .0 G2 
4.5 F9 4.5 G3 
5 .0 VT 5 .0 G3 

5.5 G2 

6 .0 FO 

6.5 F8 

7 .O F6 


As we know, 


We see from the table that the spectra of 6 Cep and » Aq] vary from F5 


to G3 (hydrogen) and from F6 to G3 (metals). 


Among the recent results on the spectral types of long-period cepheids 


we should mention those of C, Payne-Gaposchkin (1951), who used a uniform 
sample (slit spectrograms of the Mount Wilson Observatory), the results 
of O. Struve and Code (1947) from Yerkes slit spectrograms, and of 


Kukarkin (1944) from cumulative data. 


MKK spectral system (Morgan, Keenan, Kellman). 


are listed in Table 5. 


Code's determination follows the 
His results for 18 stars 


The spectra of cepheids were found to contain stronger hydrogen lines 


(especially near the maximum) than the spectra of ordinary stars of the 
Same spectral types. The CN band near 4215A is conversely weaker 
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(O. Struve) atthe minimum. The spectra of cepheids are highly reminiscent 
of the spectra of supergiants. This explains the previous name of pseudo- 
cepheids for the supergiants. These stars include, e.g., a Per (F5Ib), 

y Cyg (F8Ib), a Aqr (G2Ib), and others. In the MKK system, the long-period 
cepheids have spectral types from F to K and luminosity classes from 

Ia to IT. 


TABLE § 
Ampli- Spc Sp (m 

Star lg P foe KR | eK. ASp 
SU Cas 0,29 o™.38 | F5 1—I1 ¥7 I-11 0.2 
DT Cyg 0,40 0 .39 | F5,5f—IL F7 I-lIl 0.15 
SZ Tau 0,50 0 .60 | FG lb F9 Ib od 
V386 Cyg 0,72 1 .00 | F5 lb Gi Ib 0.8 
& Cep 0,73 O .72 | FS Ib G2 1b 0.7 
MW Cyg 0,78 1 .00 | F8 Ib Gi Ib 0.3 
Aq! 0,86 O .74 | Fé Ib G4 Ib 0.8 
VY Cyg 0,90 4 .20 | F6 Ib G1 Ib 0.5 
S Ser 0,92 4 .02 | F6 Ib G5 Ib 0.9 
BZ Cyg 1,01 0 .80 | F8 Ib G5 Ib 0.7 
¢ Gem 1,04 QO .37 | F7 Ib G3 Ib 0.6 
Z Lac 4,03 41 .36 | F6 Ib G6 Ib 4.0 
TX Cyg 1,17 1 .90 | F5 1b G6 Ib 1.1 
SZ Cyg 1,18 1 .30 | F8 Ib G8 Ib 1.0 
X Cyg 1,24 1 .56 | F7 1b G8 lb 1.1 
CD Cyg 1,23 4 .50 | F8 Ib KO 1b 1.2 
T Mon 1,43 0 .95 | F7 la—Ib K1 la—Ib 1.4 
SV Vul 1,63 0 .90 | F7 Ia (KO) 1.3 


The average spectral type at the maximum on the whole varies progres- 
sively from F4 to F8, and the spectrum at the minimum shows a much 
more pronounced variation from F7 to KO (on passing from long-period 
cepheids of short periods to those of really long periods). These results 
are plotted in Figure 44 from the data of Payne-Gaposchkin (1951). 
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FIGURE 44 


More recent studies of the period—spectrum relation include those of 
Lebedinskii and Gurevich (1955) and, in more detail, P. P. Parenago (1955). 


158 


§ 42, LONG-PERIOD CEPHEIDS 


Parenago combined scattered data on 52 long-period cepheids into a uniform 
system and derived the average period—spectrum relation (see Table 6). 
The data of this table are marked by 
dashed lines in Figure 44. There is clearly 


TABLE 6 a satisfactory qualitative fit between the 
sp can | Sp Gm ___ {Number two independent determinations. The data 
ee D HD P of stas © presented by solid curves are based ona 


more uniform material. 


nes re oe me 2 The spectrum variation of cepheids is 
ey Oe ete ee further corroborated by the variation of 
0.79| ¥6.3 | G27 |F95 | 6 their coior, This points to a high relative 
Aaa cee: llneoet peels significance of the temperature amplitude 
1.14 | F6.0 G6.6 G1.3 5 A(a,7) in the observed light-curve of long- 
ee Le paite a : period cepheids. The contribution from 


the amplitude Ag associated with surface 
pulsation is relatively small. 

Note that the determination of the spec- 
traltype of cepheids, like that of normal stars, is highly sensitive to the instru- 
ment used for this purpose. The application of a particular instrument 
often leads to significant deviations in the results of individual observations. 
The situation is so serious that we should actually speak of peculiar 
"systems'' of spectral types for each instrument. From this point of view, 
the spectral types and luminosity classes of Table 5, determined in the MKK 
system (with similar or identical instruments), seem to be the most 
"objective." 

Since the color of long-period cepheids is variable, their spectrum 
variation curves canbe successfully replaced by light variation curves. 
Both these characteristics are related to a certain extent to the variation 
of the effective temperature of the star. Numerous studies of the color — 
period and spectrum — period relation have been published. The most 
recent results include those of Stibbs (1955), who used the published obser- 
vations of P,V colors and MKK spectral types to derive for the normal, 
i.e., not distorted by interstellar and atmospheric absorption, colors of 
groups 4, #, and C at the maximum (P—V) = —0,40+0.12Sp (M) and for groups 
A and B at the minimum (P—V) = —0.11+0,063Sp (m). The corresponding 
Spectrum variation, starting with type FO, was found to be 


Sp (M) = 4.84 1.5 lgP, 
Sp(m) = 3.04 12.31lgP. 


Hence it follows that the spectral type at the maximum changes insignificantly 
(see Figure 44). This led to the conviction that the period—color relation 
should be considered separately for the maximum and the minimum, and 
not on the average as before. More recent studies of the normal color — 
period relation include those of Mel'nikov (1948), Badalyan (1949), 
Fedorovich (1950), Eggen (1951), Parenago (1955), Stibbs (1955), and 
others. 

Mel'nikov obtained for the median normal colors in the International 
System 


CI, = 0.27 +0™.29 Ig P. 
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Stibbs introduced painstaking corrections for galactic absorption and 
obtained from Eggen's observations in the P—V system, which is close to 
the International System, the following expression for the mean color:* 


CI, = (P— V)) = +07.13 + 0.43 lg P. 


Eggen's original colors markedly deviate from this dependence and can 
hardly be used as a characteristic of the cepheid color. This problem, 
however, requires further study. One of Badalyan's recent papers (1946) 
is devoted to this subject. 

In 1958 Zaitseva obtained the ‘normal color" (corrected for distorting 
effects) in the Morgan and Johnson B—Y system from Eggen's data 
(B—V), = 0”.087+ 0".377 ig P. 

A substantial difficulty in this case is the correction for selective 
galactic absorption. The recent study of Canavaggia (1955) proved highly 
promising in this respect: the two-color diagram was used to separate 
between the contribution from interstellar reddening (the constant 
component of the cepheid color) and the contribution from temperature 
variation (the variable component). This method was first applied to 
normal stars whose color is also inevitably distorted by interstellar 
absorption. Canavaggia plotted the G—V color (5700—4220A )along the vertical 
and the G—/ color (5700—10,300 A) along the horizontal axis, using 
Stebbins's six-color photometry of 6 Cep and 7 Aql (and also of some 
supergiants ). The true normal colors obtained in this way provided a check 
on the variation of radii of these stars, as determined by the previously 
outlined method. Note that important results can be obtained from photo-~ 
electric measurements of (P—V) colors of long-period cepheids in Magellanic 
Clouds carried out by Gascoygne and Kron (1953). The long-period cepheids 
in the Small Magellanic Clouds (Population II, as distinct from Population I 
long-period cepheids in the Large Magellanic Cloud) have the same color 
at the maximum as the galactic cepheids of groups A, B, and C. This 
result is consistent with Eggen's remark that long-period cepheids of any 
type have virtually the same normal color and spectrum at the maximum. 

Besides the overall characteristics of the spectra of long-period 
cepheids discussed above, they also show some fine features. Thus, in 
1927 Walton and Shapley reported that Cannon had discovered bright 
hydrogen lines in the spectra of long-period cepheids of long periods. How- 
ever, most of these stars were Population II cepheids or W Vir stars (see 
below). In 1944, Joy and Wilson also found bright lines on the violet side 
of the H and K Call lines in the spectrum of 7 Agl. Adams (1940) detected 
fine structure (splitting) of the H and K absorption lines in the spectrum 
of n Aql. 

The study of the spectra and colors of long-period cepheids of known 
luminosities (see below) make it possible to pinpoint their position on the 
Hertzsprung—Russell diagram. 

3. Radial velocity curves. The determination of the radial 
velocities of long-period cepheids was begun in the 1890's by A.A. 
Belopol'skii at Pulkovo. Subsequently further determinations were 
carried out at various observatories: Lick, Ottawa, Yerkes, Mount Wilson, 


® Recently, six-color photometry was used in high-precision measurements of the color of 25 cepheids 
(Kron and Svolopoulos, 1959). The (P—V) colors are plotted vs, lg Pin Figure 84. 
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Ann Arbor, Bonn, and others. The best curves, however, are the 
weighted average ones. The observations on the whole reveal fairly good 
coincidence in the phases of maximum negative and positive velocities 
(allowing for the star's motion) with light maxima and minima, respectively. 
The radial velocity curve is thus a sort of mirror image of the light curve. 
This is clearly visible from Figure 45, which shows the corresponding 
curves for 7 Aql. The light variation and radial velocity variation periods 
are generally equal. Integration over the radial velocity curve obviously 
gives the change in the star's radius AR reckoned from some mean value, 
say. Differentiation of the radial velocity curve gives the variation of 
acceleration on the star's surface. Both differentiation and integration are 
generally carried out numerically. It should be noted, however, that the 
resulting velocity is an average figure integrated over a sphere, and 
definitely not the velocity of expansion or contraction of the star. Some 
uncertainty creeps into the results on account of the unknown limb 
darkening of the star. A study ofthe line profiles in expansion and contrac- 
tion may shed some light on this problem. This, however, requires high- 
resolution and high-disperison spectrograms. 
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FIGURE 45 


Let Vp be the radial velocity of a star at a given point of the disk, and 
vik the true instantaneous velocity of expansion or contraction (i.e., 


pulsation) of the atmospheric layers of the star. Let further 0 be the angle 
between the line of sight and the radius of the star at a given point on its 
surface. Clearly, 


dR 
Vp=—, 0088 = vcos8, 


Integration over the disk gives the average velocity 


7. _ dhs 20 si 
Va=— cos@ = 2nR? v cos? 6 sin 8 d6 


2 2 
Re 3°" 3 dt 


Seal 
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Hence, 


dR 
Va“ =z VR. 


However this result is valid only for a disk with uniform brightness at all 
points. 
If the limb darkening is given by 


1(9)=1( $) (1+ Beos6) = 1 (0) ( HE ss®) — 71(0) (1—u+u cos8), 


(4-++8 cos 6) cos 6 sin 6 dO 


1+B 
__8 
v= TER 
we have 
B14 
2 
{ (1-48 cos 6) cos? 6 sin @ 40 rae 
Ua ee Rt = vata 
iy 
ny 


For B = 3/2 (w= 3/5), which corresponds to a "gray body," we get 
g& 


V Le ae dR 
Re 04 24° dt 
Hence 
pa th ME 
~ dt 47° Re 


Here vg is the radial velocity obtained from observations, v, is the velocity 
P 


of the center of gravity of the star, equal to — ( Ugdt. Hence 
ny 
‘p lp tp 
Re= Rar \ udt=const + ( v df = const + \ SR at. 

m tn tn 
The integration constant is so chosen that the time-average change in the 
radius AR=R—R is zero; in other words # is defined as the average 
radius. The data for 4 Aq] are listed in Table 7 (M. Schwarzschild, 
B. Schwarzschild, and W. pestis 1948). 


The calculated values of 7” Rand AR=R—R for 6 Cep and n Aq] are plotted 


in Figure 46 (Stebbins, i555). 

We see from the figure that the minimum and maximum radius do not 
coincide with the maximum and minimum magnitude, at variance with the 
original results of the pulsation theory in its initial form. The observations 
indicate that the minimum radius (maximum compression) precedes the 


* For «= 0 and 1 (i,e., f = 0 and oo), the coefficients are respectively 24/16 and 24/18. 
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maximum magnitude by P/4 or by -. This widely known phase shift was 


generally attributed to a peculiar behavior of the cepheid atmospheres, 
immersed in the variable radiation field of the photosphere. Indeed, if the 
star's radius is calculated only from the color and the temperature 
(strictly speaking, the effective temperature 7,), using the equality m = 

= —2.51g R?T4+ const, the above phase shift is virtually eliminated. This 
is understandable, since in this case we calculate the variation of the 
photospheric radius, i.e., the radius of the layers whose pulsation is 
actually observed in light measurements. 


TABLE 7 
am aR (heli A GR a =r—R, | 28 8 
Phase | aa1_paqi | @ R, AR aia™ tl phase sigh enal Theale erica Pe aa 
km /sec cm/sec” In/sec cm/sec” 


poe 
0.20] —0.01 13.0] +8.4 | —41 || 0.78 0.50 | —33.2] —17.0 14 
124 Atyt 10.2) -+11.3 | —14 .80 .42 | —30.3] —20.9 32 
28 -02 ce 43.5 —10 .82| + .32 |] —25.2] —24.4 | +49 
.32 .04 5.14 +8 4 —9 84} + .22 |] —18.2] —27.1 | +65 
36} + .13 +3.0 16.0 —7 86; + .ff1 —~9.4/ —28.8 | +74 
0.40] +0.28 +1.4| +46.6 —5 | 0.88 0.00 0.0| —29.4 | +76 
44) + .37 +0.6| +16.8 —2 -90] — .10 +8.9| —28.8 | +64 
49) + .43 —0.3} 416.9 —7 .92| — .22 | 415.7] —27.3 | 447 
52] + .48 —3.1| +16.5 | —16 -94 | — .32 | 420.5] —25.0 | +31 
56 | + .54 —7.9]/ +15.2 | —22 0.98 | —0.44 | 424.7] —19.3 +5 
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FIGURE 46 


Note that the very integration of the radial velocity curve may give rise 
to serious doubts. After all, in observing the radial velocity of a star, 
we do not measure the motion of the same atoms but only the displacement 
of the ‘active surface" where the lines effectively originate. 
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If the Stefan — Boltzmann law is assumed (which is apparently justified, 
if we are to judge from data on eclipsing binaries with known radii, 
luminosities, and temperatures), the variation of the bolometric magnitude 
of a cepheid can be written in the form* 
Fin'Tm 


A, = Am, = — 2.918 Ree = 


4.344% _g 7942 
R T 


Here 6R=2AR and 67'=2AT are the total amplitudes of the radius and the 
temperature (AR and AY being the respective half-amplitudes). Hence, 
Am, = 4, = 2.4728 
AR can be found by integration of the radial velocity curve (see Figure 48). 
Given this quantity, we can calculate the temperature component of light 
variation (its amplitude being Amr) assuming 
the surface to remain invariable. 

Figure 47 gives the average radial velocity 
curves of long-period cepheids of various 
periods (Payne-Gaposchkin, from material 
obtained at the Mount Wilson Observatory, 
1951). 

We see from the figure that the radial 
velocity curve is not always a precise mirror 
image of the light curve. 

The results point to a certain dependence 
of the phase of the maximum negative velocity 
on the period. Similar phase relations have 
been known for some time now. More recent 
data were obtained by Payne-Gaposchkin in 
1951. 

For comparison, Figure 48 gives Payne- 
Gaposchkin's data on the relation of the 
amplitudes of light, radial velocity, and 
spectrum variation to the period. The figures 
reveal a certain fit between the maximum 
and minimum phases, as well as a progressive 
variation, reminiscent of the variation of the 
amplitudes with the period. The figures also 
show that periods near 10 days (lg P~1.0) are 
critical for a whole range of cepheid charac- 
teristics. Indeed, we have shown in the 
preceding that deviations from other fundamen- 
tal characteristics are also obServed near 
this period: the light curves become skewed, 
Significant fluctuation of the period is observed, 
the period—luminosity relation breaks down 
FIGURE 47 (see below), and so on. 

Note in particular that the period—light 

variation amplitude relation, the period— 

color (or spectrum) variation amplitude relation, and other correlations 
follow a much more regular {almost linear) trend if only photoelectric 


1 
itz 


ae 4.3550 = Amp+ Amz. 


* Series expanding the functions and Ig(1 + x) for z?<1 and |z|<i, respectively (R,,=R+AR, 


Ry =R—AR; T,, =T—AT, Ty =TF+aT ). 
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observations are used. Moreover, various relations in cepheids remain 
fairly inconspicuous if lg Pis used as the argument, while conversely they 
emerge as a strict functional dependence if the exact magnitude range is 
used as the argument. 


A, magnitude 
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FIGURE 48 


4. Surface acceleration curves. Back in 1934 Kipper showed 
that the surface acceleration of a pulsating star — a cepheid — can be 
calculated from the equality 


26 dup AR dR 
& = Sap = 80 (14242) Se = 9 (142-28 gas 


Here the first term is the surface gravitational acceleration e-Ge and 


its variation due to the change in the star's radius. The second term 
incorporates the additional acceleration associated with radial pulsations 


of velocity pen (the observed radial velocity being v,). This additional 


acceleration can be found, as we have noted before, by numerical 
differentiation of the radial velocity curve (Table 7). The variation of 
24 dug _ aR 
7d de 
nation of Lick and Mount Wilson data) according to Table 7, is shown in 
Figure 49. 


for n Aql, derived from the radial velocity curve (using a combi- 
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Further information can be obtained from line intensities in cepheid 
spectra (neutral and ionized elements). Indeed, having determined the 
degree of ionization in the atmospheres of 6 Cep and 7 Aql, say, from the 
Cal and Call lines, we can find the variation of electron pressure at fixed 
temperature (strictly speaking, the ionization temperature). Now, 
adopting a certain model of the atmosphere, we obtain a relation between 
electron pressure and surface acceleration and can thus find the variation 
of surface acceleration. 

On the other hand, using the preceding equation we obtain the variation 
of the relation acceleration compared to that at the light maximum, g,: 


The factor 1.5“ is obtained from the radial velocity curve. Taking from 
dt g 


the theory = x 0.1 and using some gy, we plot a family of curves 


g 
rare 


(where ® is the phase). 

The curve showing the best fit with observations (using the degree of 
ionization) gives the true value of gy. The results for 6 Cep and y Aql are 
shown in Figure 50. The numerical values of the surface acceleration for 
6 Cep and n AqI were found to be 20 and 17cm/sec?, respectively. The 


dynamic value (fu)a= O He was approximately found to be 300 and 200 em/sec” 


for 6 Cep and 7 Aql (from the mass —luminosity relation for normal stars 
with Mel'nikov's zero point AMf, = -0".5). This result is not unexpected. 
We know that for normal supergiants the acceleration calculated from 
spectral lines is invariably less than the dynamic acceleration. 
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FIGURE 50 
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Mel'nikov (1954) showed for A stars that radiation makes a substantial 
contribution to the overall effect associated with the large extent of the 


atmospheres (which lower the surface acceleration, g=G H being 


aE a! 
(R-} HH)?’ 
the thickness of the atmosphere). 

Thus, the g, obtained from spectral lines provides only a lower-bound 
value for the dynamic g4. Moreover, note that the applicability of the 
mass—luminosity relation to long-period and short-period cepheids has 
not been conclusively justified by observations to this day. Spectrophoto- 
metric data are also somewhat ambiguous. For example, Pannekoek 
(1946) estimated that g was 1/10 of gg. M. Schwarzschild (1948), on the 
other hand, studied this problem for the particular case of 7 Ag] and 
obtained from spectrophotometric data g = 32 cm/sec? for the line profiles 
determined by large-scale turbulence and g= 8cm/sec? for line profiles 
determined by the star's spin. At present, we cannot distinguish between 
these two cases from spectrophotometric data. From the mass— luminosity 
relation, taking AM= -1".5, we get gy= 55 cm/sec? for n Aql (Savedov, 
1953). Thus, the differences in g and g, can be gradually eliminated or 
reduced for cepheids. 

The radial velocity curves of long-period cepheids can be represented 
by two straight lines for the ascending and the descending branch. Using 
this representation, Mel'nikov (1948) obtained for the masses of long- 
periodic cepheids 


wre To < 8.0. 


In 1955 Parenago obtained by an entirely different method for the masses 
of long-period cepheids i= 6 on the average. 


Proceeding from this result and other arguments, Parenago accepted 
Mel'nikov's hypothesis of constant masses of long-period cepheids. At 
this point, we should recall an important result obtained by Thiessen in 1956. 
He studied the remarkable binary BM Cas which comprises an A5 super - 
giant (one of the stars of highest luminosity in the sky M= 8.4) anda 
long-period cepheid with P= 274(4f= -6".0). In this exceptional case the 
mass of the cepheid could be determined directly. It was found to be 
i; = 14.3. The mass—luminosity relation gives for this rate 23 or even 
29 (if weuse Petrie's result, 1950). The mass—luminosity relation thus 
seems to be indeed inapplicable to cepheids, since their true masses ire 
markedly less. 

Note that the differential shift of lines in the spectra of cepheids has 
been studied by numerous authors. Adams obtained a dependence of this 
shift on the atomic excitation potentials. The other authors were mainly 
looking for the dependence of the differential line shift on the depth of line 
formation in the atmosphere. The depths were taken from the data of solar 
eclipses, but since the Sun is a dwarf star the applicability of these data 
is not entirely justified. The shifts themselves are fairly small. Better 
results are apparently those recently published by Jacobsen in revised 
form. However, high-dispersion spectrograms of y Aql show 
(M. Schwarzschild and others, 1948) that in many cases the differential 
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shift is attributable to blends. Measurements of the shift of Fel and Fell 
lines gave equal differential shift of -0.4+ 0.6km/sec. Yet it is entirely 
obvious that the lines of neutral and ionized atoms of the same element, 
having different excitation potentials, effectively originate at different 
depths in the atmosphere. In the author's opinion, this is associated with 
the fact that the atmospheric density of the long-period cepheids studied 
is sufficiently high compared to the lower (critical) density required to 
produce mutual drag between moving atoms. Note that solar prominences 
show virtually no differential shift. 

Kukarkin carefully re-examined this problem and showed in particular 
(1936) that in the atmosphere of 5 Cep the radial velocities measured from 
spectral lines originating at smaller depths in the atmosphere show a 
certain phase lag. The amplitude of radial velocity variation shows a 
certain tendency (though within the margin of error) to decrease in higher 
lying layers of the atmosphere. On the whole, the shape of the radial 
velocity curve obtained from different lines is somewhat different. 

Another point to remember is the phase difference between the maximum 
negative radial velocity (derived from the average curve based on all the 
spectral lines) and the phase of the light maximum. This phase shift is 
furthermore correlated with the period in a highly complex fashion. 

In 1949 Jacobsen, like Adams before him in 1940, discovered bright 
violet satellites of H and K Call lines in the spectrum ofyAql. Immediately 
after that, he carried out new measurements of the differential shift of 
individuallinesin this spectrum with dispersion of 20 A /mm (Victoria, 
1950). Using these emission (bright) lines, the core of the absorption K 
Call line, and six other metal lines in the spectrum of n Aql, Jacobsen 
determined the velocities of the star relative to the Sun, which were found 
to be —47, -46, +22, -28, -34 and -4 km/sec. In the spectrograms these 
lines had equivalent widths of 0.27, 0.51, 0.28, 10.1, 10.3 and 0.1 A, 
respectively. Somewhat later, namely in 1952, Grandjean and Ledoux 
reported differential line shifts inthe spectra of n Aq] (near the phases 
0.013 and 0°.556) and £ Gem (near 0”.017 and 0?.55) from the data of 
Mount Wilson Observatory. These shifts, according to the authors, were 
1.5—2.0km/sec. 

The "fine structure" of the radial velocity curves of long-period cepheids 
clearly have a noticeable effect on the surface acceleration g, which is 
calculated from these curves, and the results of these calculations must be 
considered with some care. The effective acceleration can be found also 
from the absorption line intensities, in particular if we associate the 
broadening of these lines with the Stark effect. 

5. Line intensity curves. Visual estimates of line intensities 
in cepheid spectra using slit spectrograms, begun by Lehman and 
Belopol'skii, were also carried out by Ogorodnikov (8Cep, 1933), 

Pariiskii (y Aql, 1935), Hughes (various cepheids, 1931), and many others. 
More exact spectrophotometric measurements of line intensities in the 
spectra of long-period cepheids were carried out by Kriiger (1937), 
Mel'nikov (1939, 1944), Walraven (1948), M. Schwarzschild, B. Schwarzschild, 
and W. Adams (1948), and many others. 

In 1944 Mel'nikov established that the lines in the spectra of 6 Cep and 
7 Aql were highly asymmetric with a large violet wing. This skewness 
leads to biased errors in radial velocities, especially in visual measure- 
ments with a micrometric microscope. The errors prove to be negative: 
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they amount to a few km/sec. This result was also confirmed by 
Mel'nikov in a statistical study of the radial velocities of long-period 
cepheids. His findings give a negative K term reaching on the average 
~ 5 km/sec. 

These results point to a possible ejection of atoms from the extended 
atmospheres of the long-period cepheids with markedly reduced surface 
accelerations. If this is indeed so, we have a satisfactory explanation why 
the active atmospheric turbulence in these cepheids (see below) fails to 
heat up the atmosphere: the atoms escaping from the atmosphere carry off 
part of the excess energy. The ejection of gas for 5 Cep is corroborated by 
the fact that its radial velocity is a few km/sec less than the velocity of 
its physical dwarf companion (a B8—B9 star). The velocities, unfortunately 
only from W. Luyten's data, are -16.4 and -11.0km/sec for 6 Cep A and 
5 Cep B, respectively (the orbital velocity from statistical considerations 
is at most 2km/sec for a separation of 40"). The companion 6 Cep B is 
a 6™.01 star with color C, = —0™".12 in Eggen's system. 

Back in 1944, Adams discovered a complex line structure in the spectrum 
of y Aql (presence of separate components). This structure, resolved in 
Coudé spectrograms, is at least partially responsible for the observed 
skewnéss of the lines. Mount Wilson Observatory data on yn Aql were 
studied in 1952 by van Hoof and Deurinck, who found that the skewness of 
the lines varied in agreement with the pulsation theory and even permitted 
establishing the limb darkening of the disk of n Aql. The darkening 
coefficient was found to be on the average «= 0.6 or p= 3/2, i.e., as for 
a gray body. Moreover they found that the ratio of the pulsation velocity 


v= a to the radial velocity vg was a function of line intensity, so that the 


conversion factor from Vp to v was variable. Similar fine features 
provided a logical explanation of the difference in the radial velocities, or 
alternatively in the differential shifts of the FI and FII lines. 
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FIGURE 51 
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Mel'nikov used in 1944 the 6 Cep and 7 Aql spectrograms obtained at 
Pulkovo (10 A /mm dispersion) and Simeise (36 A /mm). Figure 51 plots 
the variation of the equivalent widths of some lines with the phase of light 
variation. W. Adams, M. Schwarzschild, and B. Schwarzschild studied 
(1948) the spectrograms obtained with a more powerful Coudé spectrograph 


(2.94 /mm dispersion). They mainly measured the line "depths", defined 
as lg D=lg 2 =Ig + where /,is the continuum intensity, J- is the line center 
c 0 


intensity, and 7, is the relative central intensity. The equivalent widths 
were actually obtained only for selected lines and phases. A similar 
spectrophotometric study of 6 Cep from the data of Pannekoek was carried 
out by Walraven in 1948 (a three-prism spectrograph, Victoria Observa- 
tory). Mel'nikov plotted the curve of growth for the mean phase of 5 Cep 
and 7 Aql from numerous lines of a whole range of elements. This curve 
gave the abundance, i.e., the relative content, of the chemical elements in 
the atmospheres of 6 Cep and yj Aql. The total content of various atoms in 
the atmospheres of 6 Cep and 7 Aql in a column of 1 cm” cross section is 
listed in Table 8. For comparison Table 9 gives the relative content of the 
chemical elements in the atmospheres of cepheids, one supergiant, and an 
irregular variable. 


TABLE 8 
Atomic & Cep y Aq! Atomic 6 Cep 7 Aql 
Element Element 
number lg N 1g N number lg N lg N 
H 1 25.5 30.30 v 23 16.92 18.65 
c 6 (20.85) (24.27) Cr 24 16.95 18.44 
Na 41 419.39 20.97 Mo 25 46.65 18.13 
Mg 12 18.82 20.10 Fe 26 18.56 20.02 
Al 13 15.90 16.87 Ni 28 18.17 20.49 
Ca 20 17.87 18.44 Sr 38 14.80 15.53 
Se at 14.09 14 43 Zr 40 14.82 16.09 
Ti 22 16.98 17.75 Ba 56 13.86 14.51 
TABLE 9 
Stars and spectra (HD) 
Element w= Reine 
& Cep (cF9) | n Aql (cGO) | y Cy@ (cF7) | RCrB (cFp) 
H 100% 1009 9995 27% 
Cc 0.001 0.0001 0.5 9 
Metals 0.001 0.0000001 0.5 4 


We see from the table that the abundance of hydrogen in the atmospheres 
of the two cepheids 6 Cep and y Aql is anomalously large. The content of 
other elements in a number of objects is closer to the normal. The same 
growth curves gave by the ordinary techniques the excitation temperatures 
T,, of the atoms and the electron pressure P, for the mean light-variation 
phase. The results gave 


(a) for 6 Cep 
Ta, = 5270° + 370°, 
P,=2.4 bar; 
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(b) for n Aql 


T.. = 3550° + 250°, 
P,=1.6-10" bar. 


The P, for y Aq] is obviously much too low. 

Confining his construction only to the middle part of the growth curve 
for all the phases of 6 Cep and n Aql, Mel'nikov established the turbulent 
state of the atmospheres of these stars and determined the eddy velocities 
at various phases. The results are plotted in Figure 52. 


OF 7 2 3 4 §0% 2 0% 4 2 §F 4& §& & 70 7 


FIGURE 52 


The figure actually plots the total velocity V=VV%__ + V?,, (Vinem being 
the termal and v2. the eddy velocity of motion in the atmosphere), but 
at the typical cepheid temperatures V,,.,, is of the order of 1 km/sec for 
the relevant lines (using weighted values), and therefore V=V,,, . 

Schwarzschild and others determined the excitation temperatures and 
electron pressure from the line depths. 

For excitation temperatures of n Aql they obtained 


1 4 
5040 (q2—+ r ) = 0.19. 
On the other hand, the cG4 spectrum at the minimum gives an effective 
temperature T,,,, = 4800°K (Kuiper's scale of effective temperatures). 
Given 7, and M,, we can use Hertzsprung's relation say, 


M,=2.3( A 0? 5 lg R+53.71 
e,™m 


to obtain A, = 2.58: 10" cm. At the minimum, the radial velocity curve 

(phase 0°.68) gives AR=R,,— R= 0.03-10"? and therefore A= 2.55-10'%cm. 
At the maximum the same curve gives AR=Ry—R = ~0.16- 107? and 

thus Ry = 2.39- 10’7. The visual absolute magnitude of n Aql at the 

maximum (M,)is —2™.8; hence using the above relation we get Tea = 5760°K. 


From these two values we obtain 


4 
T. om 


5040 ( +5 —-—)=0.17. 


This figure virtually coincides with the 0.19 obtained for the excitation 


temperatures from the growth curve. It therefore seems that the 7,,,,, and 
T «zm determined using 0.19 as the value of the difference of the reciprocals 
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gives an adequate fit to the amplitude of effective temperature fluctuations 
and probably also its variation with the light phase (the latter is conveniently 


represented by the value A@ = B®). 
€ 


7 Aqb To find the absolute effective and 
hence ionization temperatures, we 
should determine the absolute value 
of Tg. The iron lines in the Sun 
probably originate at an optical 
depth of 0.3, where the local tem- 
perature is To3q= 5300°. This 
gives ionization temperature of 
5300° for the middle part of the 
descending branch of 7 Aql (A6= 0). 
At this phase the effective tempera- 
ture is also 5300°K. This is the 
figure actually used. From the 


first expression for lg io and the 


Fel lines we find a and A@.* From 

the second expression, using these 

values and the Fell lines, we find 

the average 6. Given a,6, * and A6, 

we can find the relative electron 

pressure. 

These observations also give 

1 the continuum absorption coeffi- 

QE 00 02 24 16 OER cient x and the hydrogen to metals 
abundance ratio (abbreviated as 
H/M). 

The continuous absorption in the 
atmosphere of 7 Aql is apparently associated with the negative H’ ions, as 
is common for G type stars. 

For the hydrogen to metals abundance ratio in the atmosphere of n Aql 


we have 


FIGURE 53 


H/M = 4000. 


The available data enable us to calculate the relative variation of the 
density p in the atmosphere of n Aql. 


Figure 53 plots the variation of Aa, $e » lgxand lgo, for » Aql from the 
ee 


data of Schwarzschild etal. (1948). We see from the figure that the 
maxima of these curves approximately coincide with the maximum of the 
light curve, whereas the minima somewhat precede the light variation 
minima. 

From the equivalent widths of a number of Fe lines, Schwarzschild etal. 
plotted the growth curve for n Aql. Using this curve, they determined the 
velocity of small-scale turbulence in the atmosphere (for the middle part 


wt ene INI 8 UE eas Bios, Mas Py 
As always, Xo= 1.5-10% 77; lg =a +(B,+ 2.43) A8; 8 (he + 0.87) 00+ 1B 7 es 


(E,, %4 are the excitation and ionization potentials). 
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of the descending branch). It was found to be 4kmi/sec, which virtually 
coincides with our value of 6km/sec (see Figure 81). The thermal velocity, 
on the other hand, is 


= Et =| = IRT _ 93 
Vinerm= Tr 7, ara Va km/sec, 


where w= a is the atomic weight* taken equal to 56 for Fe. Thus V,,,, = 
1 


= 1.2km/sec. These data, like our data obtained four years previously, 
point to substantial small-scale turbulence in the atmosphere of 7 Aql. 
This small-scale turbulence markedly increases the equivalent line widths. 
Large-scale turbulence, on the 
other hand (of the order of the 
atmospheric layer), does notaffect 
the equivalent line width but dis- 
torts the line profile. Schwarz- 
schild et al. obtained velocities 
km Rotation of 12.2km/sec for the large- 
sec 7 w sin tel) sec scale turbulence (corrected for 
£0 =5 sec the instrumental profile of 
3.5km/sec) from the average line 
profile of the weak lines 4440, 
4548, 4587, and 4602 A. Later, 
in 1952, van Hoof and Deurinck 

aA used the Mount Wilson spectro- 
FIGURE 54 grams to confirm the presence 

of large-scale turbulence in the 
atmosphere of 7 Aql. 

The average Fel line profiles are shown in Figure 54. The Doppler 
curve fit corrected for the instrumental profile is the solid curve. 

Thus the atmosphere of n Aql contains both small-scale and large-scale 
turbulence. Unfortunately, the large-scale turbulence cannot be isolated 
from the effect of the radial convection in the atmosphere or the star's 
spin. The line profile associated with a spin of w sin i = 15km/sec (w being 
the equatorial velocity, i the inclination) is marked by the dashed curve 
in Figure 54. Note that this average profile is based on four normal pro- 
files, normalized to the measured depth and equivalent width. 

The above method of study of atmospheric motions in stars was recently 
developed in considerable detail by O. Struve and Huang Shu-Su. 

§ 43. RR Lyrae stars. There are very few comprehensive studies of the 
short-period cepheids, commonly known as RR Lyrae stars. Only their 
light curves have been investigated in some detail. Other characteristics 
have been poorly studied. 

1. Light curves. Figure 55 is one of the latest photoelectric light 
curves of a typical short-period cepheid — RR Lyrae itself — from Hardy's 
data (1955). Figure 56 gives some "standard" light curves of RR Lyrae 
stars of various periods. These curves, like those of the long-period 
cepheids, are the work of Kukarkin and Parenago. For comparison, the 
figure also gives two standard light curves of cepheids with over -day 


b,=/27 


Corr. (22 


1 : R 
7 Mi = FF Mors (i,e., 1/16 of the mass of the most abundant oxygen isotope), kaa ’ m=. 
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periods. Among the known RR Lyrae stars, the shortest periods are those 
of SX Phe = HD223065, P= 0.055 (80 min) and CY Agr, ? = 0.061 (88 min). 

We see from Figure 56 that the 
light curves of RR Lyrae stars are 
relatively symmetric. According to 
S. Bailey's classification, these are 
type c curves. Near periods greater 
than 04.4, the curves become 
markedly skewed (type a). As the 
period further increases, the symmetry 
improves (type 6). The dependence 
of the shape of the light curve of RR 
Lyrae stars on the period was dis- 
nieives ee covered in 1902 by Bailey in his study 

of cluster variables. The short- 

period cepheids among the cluster 
variables indeed have skewed light curves for periods of over 0°,5 (types a 
and ) in Bailey's classification), whereas variables with periods less than 
0’.5 have symmetric curves (type ¢). However, 
S. Gaposchkin studied RR Lyrae stars in the direc- 
tion to the galactic center in the region of the 
cluster NGC 6522 and found variables with periods 
of some 0°.4 (i.e., apparently type c) with definitely 
skewed curves of type aand J. It thus appeared 
that the variables observed in the direction to the 
galactic center were inherently different from the 
galactic field variables, which did not reveal such 
anomalies. However, in 1960 D. Alexander made 
two-color colorimetry of these centerward 
variables using the 188-cm Radcliffe reflector and 
found that S. Gaposchkin's periods were insufficiently 
accurate. If the accurate periods are used, the 
anomaly is smoothed out and the light curves of 
RR Lyrae stars in the direction to the galactic 
center lose their anomalous features, perfectly 
merging with the variables of the halo component 
(the galactic field) and the globular clusters. As 
we have noted, the classification of the RR Lyrae 
stars into groups a, b, c is to a certain extent 
analogous to the groups A. B, C of the long-period 
cepheids. There are, however, essential diffe- 
rences. The light curves of RR Lyrae stars, for 
example, show no "hump", or secondary wave, 
which is a characteristic feature of type B long 
period cepheids (yn Aql stars). 

Unlike the long-period cepheids, the RR Lyrae 
stars are characterized by considerable variation 
of the light curve. AR Her, a variable witha 
period of 07.47 (11°17), changes its light curve with 
a period of 314.5 (i.e., periodically every 67 cycles) 
(Balasz, Detre). A similar effect is observed for 
RR Lyr, RW Dra, Y Leo, XZ Cyg. The period of light curve variation of 


26 a be Pas G6 


FIGURE 56 
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RR Lyr was conventionally taken to be 38? (67 cycles). However, more 
exact photoelectric recordings of the light curve obtained by Walraven 
(1949), who used a highly original technique, gave a revised value P= 
= 04.5668375 for the fundamental period and values of P, = 724.37 and 
P, = 414.0 for the variation of the light curve shape and the light maximum. 
The phase of the maximum fluctuates by + 0'.02. For this reason the initial 
phase was taken as the median phase, and not the phase of the maximum, 
as the former is less susceptible to fluctuations. 

The solid line in Figure 57 gives the variation of the light curve of 
AR Her during one cycle of 317.5. The dashed curve is the average light curve 
of the star. 


AR Her 
"7 


WS 
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FIGURE 57 


Unlike most of the long-period cepheids, RR Lyrae stars are charac- 
terized by marked variation of the period. For example, the period of 
RZ Cep as determined in 1898 was 7°24"28°.76, butin 1901 adifferent value, 
7°24"24°.78, was obtained. In 1916 the period was 7'24"29°.11, and in 
1923 7524730°.95. After that the period remained invariable for a long 
time. AC And was identified as a binary by Florya (1937). Each of the 
components of this binary is an RR Lyrae star with periods of 04.53 and 
04.71, respectively. The epochs of maximum of RR Lyrae stars are also 
adequately fitted by parabolic expressions, which points to progressive 
variation of the periods. However, according to Tsesevich, Detre, and 
others, this problem is highly uncertain at present. 

Most RR Lyrae stars apparently show slow and irregular changes of 
the period. 

It should be further remembered that the results are almost always 
affected by cumulative errors, as previously noted for the long-period 
cepheids (T. Sterne, 1934). 

CY Aqr and UY Boo, stars of exceedingly short period, have greatly 
skewed light curves. There is a possibility that this skewness differs 
for stars in different parts of the Galaxy. It may be more pronounced near 
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the galactic center. In conclusion, Figure 58 gives the light curves of 
RR Lyr at different wavelengths (Hardy, 1955). 


RR Lyr 
(U,B, V Morgan- 
Johnson systern) 


FIGURE 58 


2. Spectrum variation curves. The spectra of RR Lyrae stars 
are of earlier type than those of the long-period cepheids with the shortest 
periods. They range from late B subtypes to late F subtypes. These 
spectra are furthermore "anomalous." Contradictory results are obtained 
from hydrogen lines and metallic lines. 

The spectrum variation curve on the whole follows the light variation 
curve. The earlier spectrum is observed at the maximum, and the later 
spectrum at the minimum of the light curve. For RR Lyr, for instance, 
the spectral type varies from A7 to cF4 according to the hydrogen lines 
(Morgan, 1953) and from A2 to A8 (Munch and Terrazas, 1946), from A2 
to A8, Fi (O. Struve, Blaauw, 1948), or from B9.9 to A6.2 (Becker, 1940) 
according to the metallic lines. 

Stebbins's six-color photometry fixes the spectral type of RR Lyr as A7 
at the maximum and cF5 at the minimum. The spectrum of RR Lyr also 
shows bright H and K Call lines and hydrogen emission lines (Ha). The 
emission is observed near the phase + 0°.037 on the ascending branch, 22 
and 60 min after the median phase. The flare persists for 1.4hrs and is 
associated with the secondary period of the star. Moreover, these lines 
split at the beginning of the rise branch, showing a higher intensity long- 
wave component, whereas at the end of the rise branch the intensity of the 
short-wave component is higher. 

Comprehensive classification of RR Lyrae stars is a more difficult 
undertaking than the classification of long-period cepheids. The most 
detailed classification was carried out by W. Iwanowska at Torun (1952) 
using the data of Yerkes Observatory (19 stars), She used a two-prism 
quartz spectrograph with Schmidt camera (170 A /mm dispersion). The 
spectrograms show distinct H,, Hs, Hn, K Call and other lines. In this study, 
the period—spectrum relation was established for the first time for 
RR Lyrae stars. Moreover, this proved to be a two-valued relation, as 
we see from Figure 59 (the vertical bars indicate the amplitude of 
spectrum variation). 
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Most of the points for individual stars fall on the top curve, which 
corresponds to earlier spectra; six stars, mostly of short periods, fall 
on the lower curve, which corre- 
sponds to later types (BC Eri, 

UZ Leo, TZ Aur, AR Per, 
RY Com, BB Pup). 

The distance between the two 
curves is 3—4 subtypes. Itis 
remarkable that the stars of the 
lower sequence, except RY Com, 
lie closer to the galactic plane; 
with the exception of BB Pup, they 
all have lower radial velocities 
than the stars of the upper 
sequence. The Jower sequence 
can be tentatively classified as 
Population I, and the upper 

a2 a4 ae 0%8 P cee as Population II. This 

FIGURE 59 classification will be justified in 
what follows. Stars of sequence I 
are typically of shorter periods 

(04 3—0.4), It is these stars that, according to Kukarkin, show a more 

pronounced concentration to the plane of the Galaxy. Population I includes 

the variable with the shortest known period, SX Phe (HD223061, P= 

= 04.55 = 80 min) (Eggen, 1952). 

According to W. Iwanowska, these two sequences of the spectrum vs. 
lg Prelation for RR Lyrae stars constitute an extension of the corre- 
sponding effect for the long-period cepheids. The two populations of RR 
Lyrae stars (I and IL) also show definite concentration toward the galactic 
plane. 

The long-period cepheids of Population II (W Vir stars) are considered 
in the next section. 

Population I and Population II RR Lyrae stars reveal considerable 
difference in morphological and physical characteristics. Population II 
stars are poorer in hydrogen and heavy elements. The continuous spectra, 
the Balmer lines, and the lines of Sc, V, Ti, Eu, Pr, and other elements are 
weaker in Population I stars. The metallic lines, conversely, are 
relatively strong. Onthe wholeit seems that the spectra of RR Lyrae stars 
are similar to the spectra of high-velocity galactic stars. 

Figure 60 shows the variation of the spectrum (MKK system) for RR Lyr 
(O. Struve, Blaauw, 1948) according to two groups of lines: metallic and 
H, K Call lines (cycles 0—13 and 64—74). The earliest spectrum is A2 
at 0°.35 and the latest is A8, F1 at 0°.00. The phases of the minimum and 
maximum radial velocities are 0°.40 and 0°.00, respectively.* 

*® Recently, extensive work on the determination of medium-dispersion spectra (430 4 /mm for Hy) of some 
100 RR Lyrae stars was carried out by G, Preston (1959). RR Lyr stars, like the long-period cepheids, show 
1) different spectra in hydrogen lines and metallic lines; 2) marked variation of the spectrum at the 
minimum (but not at the maximum) with variation in the period. An even more remarkable result is the 
considerable inhomogeneity of the RR Lyrae stars. A good characteristic is provided by the difference 
AS = 10 [((SpH)—(Sp CaIl)]min as a function of Sp Call. For types aand 6 (Balley, 1902), AS = 0—10 
and (SpCa W)min = F5—AS5. For type c we have 0—10 and FO—A0O and for the group with P< 0".2 (lower 
luminosity stars with characteristic galactic rotation, intermediate between the "halo® stars and the 
"spiral" stars of the Galaxy), OS = O—2 and (Sp Cal),,;, = F1—AS (but with higher dispersion, as for the 
preceding group). 
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FIGURE 60 


3. Radial velocity curves. Complete radial velocity curves 
covering all the phases are available only for RR Lyr and W CVn. As for 
the long-period cepheids, these curves are approximately a mirror image 
of the light curve. According to O. Struve and Blaauw (1948), the velocity 
curve of RR Lyr, like its light curve, varies witha period of 42% (75cycles). 
The phase shift (retard or advance) of the largest negative radial velocity 
reaches + 0°,024, i.e., it is virtually of the same order of magnitude as 
the phase of the light maximum. R. Sanford in 1939 studied the radial 
velocity curve of RR Lyr in great detail using high Coudé dispersion. Back 
in 1928 he had shown that the amplitude of radial velocities obtained from 
the H, line is greater than the amplitude from the metallic lines. According 
to the latest studies, the radial velocity amplitude from metallic lines is 
the smallest, namely 59km/sec. The hydrogen lines Hg— Hie and Ha, H,, 
Hs give amplitudes of 71 and 77km/sec, respectively, the H and K lines of 
Call give 94km/sec, and H, line gives the largest velocity amplitude, 
112km/sec. 

The hydrogen lines thus give a larger amplitude, which increases for 
lower quantum numbers. 

The phase of the median radial velocity of RR Lyr varies linearly com- 
pared to the theoretical value, not unlike the median phase on the ascending 
branch (Walraven). Figure 61 gives the radial velocity curves according 
to Sanford. The phases are reckoned from —76 km/sec on the descending 
branch or, alternatively, from the median visual magnitude on the 
ascending branch. Thedashedcurvesin Figures 61b,c,d,f are the radial 
velocity curves from metallic lines. The behavior of the radial velocity 
curve from the H and K Call lines and from the H, line (solid curves) 
indicates that the atmospheric waves in RR Lyr suddenly begin moving 
outward with maximum expansion velocity at the light maximum. After 
that the layers fall down with maximum compression velocity at the phase 
of the minimum. The velocity amplitudes from H and K lines are greater 
than from the metallic lines, at variance with the results of Struve and 
Blaauw. 

Figure 6le gives the velocity variation curve from two series of 
metallic lines (1 and 2) taken at a large interval of time. The velocities 
at the minimum are clearly different. The mean shift of the bright H, line 
in the spectrum of RR Lyr is -99 km/sec. The maximum velocity diffe- 
rence between the doublets at the time when the two components are 
resolved is ~76km/sec. 
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The velocity curves of RR Lyr, and apparently also those of other 
related stars, are thus highly complex. Nevertheless, as for the long- 


period cepheids, we can calculate the pulsation: velocity a and the change 


in the star's radius from these curves. The results are shown in 
Figure 62 (Stebbins, 1953). 
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4. Surface acceleration curves. Numerical differentiation 
of the highly complex and variable radial velocity curves of the RR Lyrae 
stars generally gives uncertain results. The surface accelerations 
obtained by the method previously outlined for the long-period cepheids are 
therefore also uncertain. However, the shape of the radial velocity curves 
suggests that the general trend of surface acceleration should be the same 
as for the long-period cepheids. The accelerations for RR Lyr range from 
40 to 1000 cm/sec? (at the maximum). 

5. Line intensity curves. In this respect the spectra of RR Lyrae 
stars have been little studied, except the spectrum of RR Lyr itself, which 
is given in Figure 63 for wavelengths near the 
He line. 

At certain phases the lines are indeed split. 
According to Savedov (1952), the lines are 
asymmetric, and the skewness is different at 
the maximum and the minimum. In Savedov's 
opinion this apparently proves that RR Lyr is 
a pulsating star. 

In the overall spectrum of RR Lyr and 
apparently other related stars, the changes are 
not particularly significant. The most 
prominent changes are observed in the Fel 
4482.2 blend. A violet emission satellite of Ha 
is observed between 0.016 and 0°.020 with 
average epoch of —0?.006, i.e., very close to 
2063 the phase of the median magnitude on the rise 
branch of the ight curve. However, the results 
LO6Z obtained by different observers in different 
periods and cycles are somewhat different. 

“he BIOF The splitting phase of the He absorption line 
; follows immediately the phase of appearance 
6555 6560 ESOS = OSTUA of the emission Haline. Probably this emission 
line gradually (in phase) moves to the center of 
FIGURE: 08 the absorption Ha, line and creates an imprssion 
of a doublet. Besides hydrogen lines, the 
spectrum of RR Lyr also shows the lines of CI, Fel, Till, VII, SrII, Cal, 
Call, MgIlI, SilJ, and others. In general, the hydrogen lines in the spec- 
trum of RR Lyr are somewhat weak. On the other hand, in stars with 
P< 04.4 these lines are apparently of normal intensity at the maximum 
(CY Aqr, P= 04.06), At the minimum, they are somewhat weaker than the 
corresponding CalII and metallic lines. 

The most comprehensive spectrophotometric study of the spectrum of 
RR Lyr (from the data of O. Struve, dispersion 404 /mm) was carried out 
by Pels-Kluyver in 1954, who used the method briefly described in the 
previous section in connection with the spectrum of yn Aql. The growth 
curve was plotted for neutral (31 lines) and ionized (31 lines) elements 
separately. 

The growth curve was used to determine the eddy velocity, which was 
found to be 5.4km/sec on the average. The variation of excitation and 
ionization temperature was calculated (from 5250 to 6560°K and from 6960 
to 7950°K, respectively ); the mean electron pressure, density, surface 
acceleration and other characteristics were also determined. The variation 
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TABLE 10 


P (days) 7¢ 476678 5¢ 366306 8¢ 382172 42 _435578 04566837 
rng, Mm 3.69—4".40 | 3.78—4™.63 | 5 8—7™.0 |5.87—6".75, 7.1—87.0 
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Sp (A ) F6—G4 F5—G2 cF3—cG3 cA9—cGi A2—FO 
My —2".7 —3" 7 _ _— —0™.4 
m (2) 1.35 - 1094 4.78- 1034 _ _ 0. 646-4034 
R (cm) 2.55+ 41012 3.82-1012 — _ 0.457- 1012 
V wb (kn /sec) 4.0 5.0 7.5 6.2 5.4 
A@, = 5040/7,. 0.21 0.10 0.41 0.06 0.19 
AO; 5 S0u0/ fs 0.47 ~ = 0.09 
Alg Pe 4.44 1. io 0.4 0.4 0.7 
i a4 45 46) 2 29 40 
Dispersion m 28 67 
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curves of these parameters, together with light and radial velocity curves 
(for two phases of the cyclic period P,) are shown in Figure 64. 

Table 10 lists comparative data for a number of long-period cepheids 
and for RR Lyr. The spectrum of RR Lyr on the whole shows weaker lines 
at the maximum (A2 spectrum) than at the minimum (A8, F1), which is 
quite normal. The same tendency is observed for the long-period cepheids. 

§ 44. W Virginis stars. A detailed study of the long-period cephieds has 
shown that W Vir stars can be classified as a separate group. Some of 
their characteristics markedly differ from the characteristics of normal 
long-period cepheids. The latter are conventionally designated Population I, 
whereas W Vir stars are designated Population I. W Vir stars have much 
in common with RR Lyr stars, although their spectra are of markedly later 
type. Indeed, they show emission lines and doublets, which lead to discon- 
tinuous jumps in the radial velocity. 

Population I cepheids have periods from 1 to 50 days, a light curve and 
spectrum which change with P, high concentration toward the galactic plane, 
small peculiar motion, etc. 

Population II cepheids (W Vir and TW Cap stars) constitute a unique 
group which in fact satisfies only few or perhaps only one of the criteria 
listed for Population I cepheids. The light curves of Population II cepheids 
markedly differ from the corresponding average curves of Population I. 
Population Il cepheids occur as an exception in globular clusters. These 
cepheids lie in higher galactic latitudes, at greater distances from the 
galactic plane. Their spectra as a rule contain emission lines. Most of 
them show large peculiar velocities. For example, the velocity of W Vir 
is virtually equal to the velocities of the fast stars in the Galaxy on the 
whole. Only the light curves of Population II cepheids have been studied so 
far. 

Among the known cepheids with periods of 1 to 50 days, a few dozen lie 
at distances of over 500 parsecs from the galactic plane. Their periods 
are between 2.21 and 284.58. Most of these 
cepheids, however, have periods between 15 and 
20 days. This is reminiscent of the frequency 
of periods in cluster variables, but definitely not 
in galactic field cepheids. Most of these stars 
have variable periods, large peculiar velocities, 
and unique light curves. Figure 65 shows the 
photographic light curve of W Vir (S. Gaposchkin), 
the radial velocity curve (A. Joy), and the spec- 
trum variation curve (C. Payne-Gaposchkin). On 
the latter circles mark absorption spectra and 
dots spectra with emission lines. The velocity 
curve is a smoothed average curve. The true 
variation of radial velocity, obtained by 
Sanford (1952) from measurements with high 
Coudé dispersion, is shown in Figure 66. It 
clearly reveals the splitting and broadening of 
lines in the spectrum of W Vir at various phases. 

For comparison the same figure gives the 
photoelectric light curve from the observations of Kron and Gordon. The 
splitting of lines in W Vir is observed near the phase of light maximum 


FIGURE 65 
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(Sanford, 1952). During this phase, one of the line cor.ponents still shows 
a high expansion velocity of the atmosphere (~—25km/sec). After that 
this component shifts toward the red (to wavelengths corresponding to 
maximum compression velocities of some + 25 km/sec ): it does not dis- 
appear at the maximum and actually persists for some time after the light 
maximum. On the other hand, the first component showing the maximum 
expansion velocity reappears somewhat before the light maximum, etc. 


FIGURE 66 


Thus, the two velocity sequences and the corresponding line components 
begin slightly before the light maximum in W Vir. The first red component 
abruptly vanishes soon after the maximum, whereas the second, violet, 
component develops continuously until the next maximum, gradually shifting 
to the position of the red component. It then disappears soon after the 
maximum. The second component reappears soon before the last maximum 
in the form of a violet component (negative radial velocity relative to the 
center of mass of the system, which corresponds to expansion) and continues 
developing until the next maximum. The figure also marks the horizontal 
intervals in which a pure singlet absorption spectrum (4), singlet absorption 
spectrum with bright hydrogen lines (EI) and doublet absorption spectrum 
with bright hydrogen lines (£11) are visible. It is significant that the 
doublets Sr II 4077 and 4215 A and some high-intensity Till lines in the 
spectrum of W Vir show highly pronounced broadening and shift near the 
maximum in the spectra of other cepheids as well (Jacobsen, 1949). 
However, this may be an apparent effect associated with greater blending 
of lines because of careless application of low-dispersion spectrographs; 
alternatively the corresponding stars may be too weak. The best objects 
are the bright cepheids which are accessible to high-dispersion spectro- 
graphs. SV Vul (?= 454.21) apparently gave positive results for line 
broadening and shift. 

Note that in the spectra of some W Vir stars which show no hydrogen 
emission lines, the absorption lines of hydrogen are exceedingly weak 
(e.g., V410 Sgr). 

W Vir stars have Jarge radial velocities. Their peculiar velocities are 
also large. Both factors are generally correlated. 
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Some of the W Vir stars lie close to the galactic plane, e.g., SZ Mon 
(P= 164.38). Its light curve is highly unusual, the hydrogen lines are 
weak, with possible emission. The same also applies to BH Oph with 
P= 114.05. Its spectrum shows weak hydrogen lines (but the light curve 
is uncertain). Other interesting stars include UZ Sct (P= 144.75, weak 
hydrogen lines, normal light curve of small amplitude), AA Ser (P= 174.16, 
weak hydrogen lines, possible traces of emission, light curve uncertain). 

Population II stars were identified in 1951 by C. Payne-Gaposchkin. 
These stars are close to the galactic plane. A number of authors are of 
the opinion that x Pav ($7.1), Y Oph(174.1), and AA Ser (174.2) are 
intermediate between Populations I and Il. 

§ 45. B Canis Majoris stars. Although not proper cepheids, these stars 
have some characteristics which relate them to the cepheids. It has been 
further established that the variations in both types of stars are due to 
pulsations. 6 CMa stars are of early B subtypes, although A and even F0 
stars are sometimes observed. They show rapid, generally periodic 
fluctuations of radial velocity with periods from 0.1 to 0.4 days. This 
effect was discovered by Frost (1902) at the Yerkes Observatory for p Cep 
(P= 4°34™.2, Aug = 34km/sec). 

In some cases the radial velocity variation can be represented by a 
linear relation (e.g., B Cep), but in other cases such representation is 
possible (12 Lac and others). The radial velocity curve is often variable 
in shape, amplitude, and phase. Light variation, though insignificant 
(0.05—0”.15), is almost in phase with the radial velocity variation and has 
the same period. For £6 Cep these variations were discovered photoelec- 
trically by P. Guthnick in 1913 at the Berlin— Babelsberg Observatory. 
Prior to this discovery, 6B CMa stars were regarded as spectroscopic 
binaries with a small inclination of the orbital plane. 

In case of B Cep, the maximum magnitude leads by a mere 0.14—0°.17 
the phase of maximum negative radial velocity. a Lyr is possibly also one 
of the B CMa stars; in 1930 Belopol'skii discovered radial velocity fluc- 
tuations for this star. Later its brightness was also found to vary along a 
curve which was the ‘mirror image" of the radial velocity curve. 

The absorption line widths and intensities in B Cep stars are slightly 
variable with phase. The element y —the velocity of the "center of gravity" 
of the system — is also variable (8 Cep, 12 Lac). Integration of the radial 
velocity curves gives small variations of the radius — about 5- 10° cm. For 
cepheids this variation is generally larger by 2 orders of magnitude. 

A study of the differential shifts of lines in the spectrum of B CMa 
carried out by W. Struve and van Hoof (1953) has shown that the shifts are 
different for lines with different excitation potentials. A similar effect 
was observed for 16 Lac. 

The velocity curves from hydrogen and other absorption lines (OI, Sill, 
and others) are similar, though showing a relative displacement (the 
hydrogen curve leading). A similar effect was found for BW Vul (HD 199140), 
o Sco and 12 DD Lac. It was observed, however, only on the descending 
branch of the velocity curve. 

Figure 67 shows the light and radial velocity curves of o Sco, a 8 CMa 
star (Struve, Williams). We see from the figure that these curves are 
indeed reminiscent of the corresponding curves of the cepheids. However, 
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the phase relation is slightly different, and actually shows a better fit with 
the pulsation theory. This, in the author's opinion, is associated with 
the smaller extent of the atmos- 
pheres in B CMa stars compared to 
the atmospheres of the cepheids. 
Like cepheids, the B CMa stars 
satisfy the period —spectrum relation, 
as was recently established by 
McNamara (1953). The corresponding 
data are listed in Table 11 (in the 
MKK system). For these stars, 
unlike cepheids, a larger period 
corresponds to an earlier spectrum. 
The period—spectrum relation 
for B CMa stars with periods less 
than 5 hrs is confirmed by the 


ie see ag 10 period—color relation discovered 
for these stars in 1955 by McNamara 
FIGURE 67 and Williams. This relation in the 


B—V Lick system has the form 

(B —V), = Cl, = —0".143—0.653 P?. 
For B CMa stars with two fluctuation waves, Table 11 gives only the main 
component (e.g., 6 CMa, o Sco, 12 DD Lac, 6 Cep, and v Eri). 


TABLE 11 
Absolute 
Star magnitude Spectrum(MKK) Period 
B CMA ~4™ 7 Bi II—III 0425002246 6h00™ 
o Sco —4 3 Bi If 0 .246835 5 55 
¢! CMa —4 2 |BLITI—IV, B2III| 0 .2096 5 02 
BW Vol (HD 199140) —4 1 B2 III 0 .201028 449 
12DD Lac —4 1 B2 III 0 .193089 4 38 
B Cep —4 .1 B2 III 0 .1904844 4 34 
v Eri —4 1 B2 III 0 .1735089 4 10 
16 Lac —3 3 B2 IV O .16917 4 04 
& Cet -3 3 B2 1V 0 ,16122 3 52 
y Peg —3 .0 B2,5 IV 0 14517 3 38 


The work of O. Struve and his school led to the identification of 10 8B CMa 
stars (they are all listed in Table 11) and helped to sift out all the doubtful 
cases. Their work has further shown that Bf CMa stars are in all proba- 
bility pulsating variables. This, in particular, was confirmed by the 
color variation of BW Vul (HD 199140) discovered in 1952—1953 and of 
B Cep. B CMa stars are slightly redder at the minimum and bluer at the 
maximum. For example, the temperature of 12 Lac at the minimum is 
some 1000°K lower than at the maximum. Like the cepheids, 6 CMa stars, 
e.g., B Cep, show a phase lag of light maxima and minima when passing 
from the ultraviolet to the infrared spectrum. 

In 1918 Anroto noted that the line intensities in the spectrum of B Cep 
varied with a period of 62", which did not fit the period of radial velocity 
variation. 
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In the spectrum BW Vul, the H, and H, lines are enhanced at the 
minimum, which is a result of the decrease in temperature. 

According to McNamara (1953) and also Blaauw and Savedov (1954), the 
period—luminosity relation is applicable to the B CMa stars, as well as 
to cepheids. This relation for the ten stars of Table 11 is schematically 
shown in Figure 68. The absolute magnitudes were derived from the 
spectral lines and from the motions of a number of stars. Larger periods 
correspond, as for the cepheids, to higher absolute magnitudes. Petrie 
in 1954 found M,= + 0".4—18".1 lgP. 


BO B/ BZ B3 Sp 


“l0 = -l00— -090_ —-080 = -070 (UV-B) 
U-8 


FIGURE 68 


A highly important effect observed in some B CMa stars is the super- 
position of two periods, which leads to cyclic variations (beats). This 
effect is observed in five out of the ten B CMa stars listed in Table 11. 
The difference in the periods for f CMa is only two minutes, but this is 
enough to produce a beating cycle of 49 days. For v Eri the main period 
is 410" with radial velocity varying by 49.0km/sec. The secondary 
period is 4'16™ with radial velocity varying by 22.0km/sec. The resulting 
beating period is about 7 days and the radial velocity amplitude is 
71.0km/sec. The light curve gives amplitudes Am,= 07.114, Am, = 0.067, 
and a total amplitude Am= 0.181 with minimum value of 0,047. The 
beating cycles of the light curve are somewhat shifted: the light maximum 
is observed when the velocity is zero (on the descending branch of each 


velocity cycle). The velocity amplitude ratio cos is equal to the magnitude 


Am, 
Am,’ 

The results and the figures presented in this section have been borrowed 
from O. Struve's review (1955), where the correlation between 2K and Am is 
also discussed. 

Integration of the radial velocity curves for B CMa stars, as for cepheids, 
gives the curves of surface variation. Subtracting the corresponding 
surface component Am, from the total light curve, we obtain the amplitude 


amplitude ratio 
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associated with temperature variations Amr, (since Am,=Amr,,;+Ama). The 
corresponding light curves are in phase at all wavelengths. The amplitudes 
of these curves correspond to an average temperature of 23,000°K. The 
results give R—R = 5.24:104km = 0.075 Ro. The amplitude of the surface 
light curve, i.e., Ama=/(t), is taken to be 0".036, so that we should take 

R= 9.05. Then for 7 = 23,000°K, M, = —4".2 for B Cep. According to 
Morgan and Keenan (1951), M@, = —4™.1 from the shape of the spectral 

lines. 

In solar units M,,=Mo—5lgR+/, where ; is the surface brightness in 
stellar magnitudes (Mo = +4”.73, Teo = 5700°K, T = 23,000°K, Bl, 
a= 5400 A), and thus lg s = -4".21. The good fit between the M values 
calculated from the pulsation hypothesis and those measured directly 
supports the validity of the theory. This, however, is not always true, 
especially for stars with two periods. Some of these develop a "hump" on 
the rise branch of the light curve or the descending branch of the radial 
velocity curve. Only in low-dispersion measurements this effect is 
inconspicuous and the lines only appear somewhat more diffuse. High- 
dispersion observations reveal three line components, although only two 
are visible at a time. 

The splitting times according to Deich are marked in Figure 69 by 
vertical arrows. We see from the figure that the radial velocity curve of 
BW Vulhas discontinuities. The resolved line components change their 
intensity very rapidly. The red component disappears at 0?.697, and the 
violet (intermediate) component appears near 0°.674, reaching a maximum 
intensity near 0”.709 and vanishing near 07.740. At 0°.713 an extreme 
violet component appears, which progressively increases in intensity and 
at the same time shifts in the long-wave direction, revealing positive 
velocity; it thus corresponds to the ascending branch of the radial velocity 
curve. 
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FIGURE 69 


The lines in the spectrum of 12 DD Lac are also split (SilIll, for 
example), and the radial velocities change discontinuously. Similar 
effects are observed for o Sco. The spectra of these three stars give 
identical intensity ratio of the H and He lines to the SiIII and OII lines, 
although the former show a phase lag of a few minutes. 

We see that the variations in Bf CMa stars follow a highly complex 
pattern, and the details cannot be explained within the framework of any of 
the current theories. 
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In conclusion note that semiregular RV Tauri and other variables 
adjoin the sequence of cepheids and § CMa and W Vir stars. These 
semiregular variables are characterized by light curves with alternating 
deepand shallow minima with periods from 0.2 to a few hundredths of a 
day; their spectral types are G,K. These objects as if constitute a link 
between the periodic variables — cepheids — and the long-period variables. 

§ 46. General characteristics of the cepheid population. 1. Distribu- 
tion of cepheids over the sky. The distribution of long- and 
short-period cepheids in galactic latitude is highly peculiar. The long- 
period cepheids show considerable concentration toward the galactic plane, 
whereas the short-period variables (RR Lyrae stars) are conversely distri- 
buted over all galactic latitudes. Various considerations, in particular 
kinematic arguments, thus led to the division of the entire cepheid population 
into two groups, as we have mentioned before. Population I cepheids are 
assigned to Badde's Population I stars, and Population II cepheids to galactic 
Population II. Kukarkin and Parenago divided the strs into a disk component 
(roughly corresponding to Population I stars) and a halo component 
(roughly PopulationII). Various intermediate systems also exist. Popula- 
tion I includes large quantities of interstellar dust (galactic spiral). 
Population II (elliptical nebulae, the "halo" of spiral galaxies, globular 
clusters, etc.), onthe other hand, isvirtually dust-free. Occasional groups of 
long-period W Vir stars at high galactic latitudes with mean periods from 1 to 
50 days peaked between 15 and 20 days are Population II stars which belong to the 
halo component of the Galaxy. Some RR Lyrae stars are morphologically 
PopulationI stars. Mostofthe RR Lyrae stars, however, are Population II 
stars, just like the long-period cepheids are mostly Population I. 

W Vir stars are found in globular clusters together with RR Lyrae stars. 
The brightest of these stars were observed spectroscopically by Joy (M3) 
in 1949. Their spectra show bright lines (in stars of the same period as 
W Vir). Similar long-period cepheids, againtogether withRR Lyrae stars, 
are observed in the Small Magellanic Cloud, which is mainly composed of 
Population II stars. On the other hand, the Large Magellanic Cloud, 
composed mainly of Population I stars, also contains RR Lyrae stars with 
periods of 0.647, 0.747, and 0%.913, whose period—luminosity relation 
(see below) identifies them as Population [stars (Dartayet and Dessy, 1952). 
These stars are 1”.6 brighter than the RR Lyrae stars of the halo compo- 
nent (the cluster variables) and the stars in the Magellanic Clouds. 

Note that RR Lyrae stars, like globular clusters themselves, show a 
definite concentration in longitude toward the galactic center. This con- 
centration and similarity in their motion led to the assumption that the 
RR Lyrae stars are in fact escaped cluster variables. 

2. The spatial density of cepheids. A first detailed study 
of the distribution of cepheids in the coordinate z was carried out by 
Parenago and Grigor'eva in 1937. Later, in 1949, this problem was 
comprehensively studied by Kukarkin. He determined the log count of cepheids 
per unit volume, or inother words the logarithmic spatial density lg N. 

For RR Lyrae stars he found* 


lg N = lg Ny + (mod) k| z| = 7.289 — 0.000219 || 
+ 0.125 + 0.000016 


* Unit volume here is the volume of space occupied by RR Lyrae stars of median apparent photographic 
Magnitude 10" (from 9.5 to 16.5). Unit volume for long-period cepheids is similarly defined. 
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(here z in parsecs) and for the long-period cepheids 


lg N = 1.835 — 0.00991 | z| 
+ 0.079 + 0.00058. 


The exponential decrease of density is thus confirmed by observations for 
all the cepheids. 

Note that in statistical studies we should allow for the unequal detection 
probabilities of cepheids with different amplitudes and apparent magnitudes, 
cepheids located in dark and bright parts of the Galaxy, etc. In the range 
of longitudes 235—0—55° (i.e., + 90° from the center of the Galaxy) there 
are 290 long-period cepheids, whereas for longitudes 55—235° (¢ 90° from 
the anticenter ) there are only 173 long-period cepheids. When considering 
these figures, we must remember that near the anticenter the interstellar 
medium is much more transparent than in the direction to the galactic 
center. We thus conclude that the density of long-period cepheids decreases 
from the galactic center to the anticenter. Other fine features are also 
observed. For example, van den Bergh found in 1959 that long-period 
cepheids of short periods (2—3 days) are on the average farther from the 
galactic nucleus (10—12 kpc) than cepheids of longer periods (7—8 days). 
Van den Berghattributed this effect to local differences in the rate of for- 
mation of the two cepheid populations. This in its turn may be due to 
differences in the relative abundance of the heavy elements in the inter- 
stellar gas at large distances from the galactic nucleus. This assumption 
is naturally meaningful only if the cepheids indeed form from the inter- 
stellar gas in the Galaxy. This fine feature in the distribution of galactic 
cepheids is apparently observed in the Magellanic Clouds also. 

3. Frequency of periods. The frequency of periods is different 
for long-period and short-period cepheids. It is furthermore slightly 
different for free (Galactic) and "bound" (in globular clusters, Magellanic 
Clouds, etc.) cepheids (Kukarkin, 1949). The short-period cepheids 
(RR Lyrae stars) are markedly weaker than the long-period cepheids and so 
far they have not been observed in the spiral arms of the Galaxy. They 
are known, however, in elliptic galaxies, e.g., in Sculptor and Fornax 
(w. Baade, E. Hubble, 1939). Baade is of the opinion (1946) that RR Lyrae 
stars will eventually be discovered in the galactic nucleus and in the spiral 
arms. 

Tables 12and13 list the frequency of cepheid periods according to 
Kukarkin (1949) (nomenclature: Nr 'free,'' solitary cepheids, N- cluster 
cepheids, Nsyc cepheids in the Small Magellanic Cloud). 

The frequencies Vs; and N. in Table 12 (RR Lyrae stars) are essentially 
different, although the average values of Ig P virtually coincide. There is 
a certain excess of Ns for Ig P from —0.3 to —0.4, and an excess of N, for 
lg P from —0.4 to —0.55. 

The frequencies N; also show a secondary maximum (Kholopov, 1944). 
No cepheids with periods less than 07.25 have been so far discovered in 
globular clusters. This, however, is partly associated with the observa- 
tion technique. The above differences are consistent with the fine distinc- 
tions in the light curves of free and bound cepheids, despite the overall 
similarity in crude features. 

According to the latest data in Sawyer's catalogue (781 stars), Ne has 
a minimum near 04.45. 
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TABLE 12 
TABLE 13 
Nr=N} ON, 
1a P | NN IN suc lg Nr=N 1 Nsuc 
—1.225 1 0 —0.575 10 6 
—1.175 4 1 —0.525 27 23 
—1.125 1 0 —0.475 43 32 0.050 6 5 1.150 44 23 
—1 .075 2 0 —0.425 61 59 0.150 7 37 1.250 34 16 
—1.025 0 0 —0.375| 115 24 0.250 8 67 1.350 22 7 
—0.975 4 ) —0.325 7 669 0.350 13 59 1.450 15 9 
—0.925 3 0 —0.275| 314 1536 0.450 19 90 1.550 11 9 
—0.875 3 0 —0.225] 308 145 0.550 40 69 1.650 4 2 
—0.825 1 0 —0.175] 128 73 0.650] 57 53 2.750 0 
—0.775 2 0 —0.125 37 21 0.750 64 34 1.850 1 3 
—0.725 3 0 —0.075 8 8 0.850 55 33 1.950 0 1 
—0,675 3 0 —0.025 2 2 0.950} 26 24 2.000 0 2 
—0.625 3 9 +0.025 2 0 1.050 21 - 


The frequency curves of Table 13 also differ from one another. The WV; 
curve has two minima near lgP = 0.75 and 1.2. Moreover, lg? for the 
galactic long-period cepheids is 0.866 and for the cepheids in the Small 
Magellanic Cloud it is 0.625. This difference cannot be entirely attributed 
to different visibility conditions (in particular, the detection probability of a 
long-period cepheid is higher, since by the period—luminosity relation its 
luminosity is greater; its light variation amplitude and other characteris- 
tics are also more prominent). If we allow for this fact, the Ig P of free 
galactic cepheids is found to be 0.606, which is much nearer the corre- 
sponding figure for the Small Magellanic Cloud. The light curves of the 
cepheids in the Galaxy, the Small and Large Magellanic Cloud, and in the 
spiral nebulae M 31 and M 33 are relatively similar, but the light curves of 
cluster cepheids are essentially different. 

Recently Thackeray and Wesselink (1953) discovered some RR Lyrae 
stars with mean magnitudes of 18".6, 18".7, and 18".7 in globular clusters 
NGC 121 (Small Magellanic Cloud) and NGC 1466, 1978 (Large Magellanic 
Cloud) (3, 21, and 22 stars, respectively). 

4. Cepheid motions. The group velocities V, of the RR Lyrae 
stars according to Parenago (1948) are 150+ 30km/sec. The dispersion 
of their velocities is 8 = +100 km/sec. O. Struve reduced in 1950 Joy's 
values for the radial velocities of RR Lyrae stars and obtained the distri- 
bution data listed in Table 14 and 15. 


TABLE 14 
Mean velocity 
Range of N p | fat mean TABLE 15 
P values error, Solar 
Range of — motion 
<04.20 7 1042) 44415.7 P values (velocity) 
04. 20—04. 30 9 | 0.26} 42 10.5 
0 .30—0 .40 17 10.34] 62 11.5 
0 .40—0 .50 | 35 | 0.45] 78 15.8 
0 .50—0 .60 |] 43 | 0.55 | 110 15.5 
0 .60—0 .70 16 | 9.64] 120 26.9 
0.70 6 | 90.95] 80 32.7 
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O. Struve has noted that these data bear out Kukarkin's idea that the 
periodic stars form their own subsystems with characteristic galactic 
rotation. Pavlovskaya (1953) has been engaged on a detailed study of proper 
motions of the RR Lyrae stars since 1945. Taking Vg = 134km/sec for the 
velocity of the Sun and @=|V|= 67km/sec for the mean "mobility" of stars, 
she determined the average parallaxes of the RR Lyrae stars: 


P, = 0",00080 + 0”.00008, 
Pp, = 0".00123 + 07.0016. 


The motion of long-period cepheids was studied in detail by Mel'nikov 
(1944) from radial velocity data obtained by Joy. 

Table 16 lists the average results. A negative zero point of the period— 
luminosity relation was used in these calculations (AM, = -—0",5). 

We see that the "mobility" of the long-period cepheids is virtually inde- 
pendent of their period, which clearly distinguishes them from the RR 
Lyrae stars. At the same time the mobility of normal stars in the Galaxy 
increases with decreasing mass and vice versa. 

In his study of the long-period cepheids, Mel'nikov established the 

alactic rotation constant A = 17.2km/sec/kpc, the dependence of the 
tesectee) K term on the period K = + 1.8—9.11gP, and the velocity of the 
Sun. These data are listed in Table 17. On the average, we have from 
this table Vo = 18.44 1.4km/sec. Four years later, Parenago (1948) 
found V@= 18.6km/sec. The velocity of the Sun is a function of the period, 
as we see from Table 17. 


TABLE 16 TABLE 17 
=| hea) 
gp | Velocity igr 0.45 | t.08 | 1.68 | 2.79 
1v| 4 Mean 
Vo. km/sec} 12.2} 20.8] 414.6] 27.6 
K, km/sec|— 2.9/— 1.3|— 9.2/—16.4 


* Here Ier(pc)= f(g P). 


The analysis of proper motions carried out by Blaauw and Morgan 
(1954) gave highly accurate data on the motions of 18 long-period cepheids. 
The average secular parallax was found to be 0",01204 0".002, which 
taking for the Sun's velocity 18.4km/sec (Mel'nikov, 1944) or 18.6 km/sec 
(Parenago, 1944) gives the normal parallax of 0''.00310 or 0'.00305+4 
+ 0".00058. 

Note that proper motions, especially those of long-period cepheids, 
largely reflect the biased errors of the particular fundamental system used. 
W Vir variables, like most RR Lyrae stars, are Population II stars. 
They move faster, and their proper motions are therefore more significant. 
Their mean residual velocities are 40km/sec (Kukarkin), i.e., a factor 

of 4 greater than for Population I long-period cepheids. 

pf CMa stars have been insufficiently studied for a statistical analysis. 
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5. Period — spectrum relation. This problem was discussed in 
the preceding for individual cepheid groups. We will therefore only give 
Parenago's summary curve (Figure 70). 


@ Population I, disk component 
© Population II, halo component ee 
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We see from the figure that Population II cepheids entering the halo 
component of the galaxy (marked by light circles) have earlier spectra 
(for the same period) than the Population I cepheids of the disk component. 
Figure 71 gives the period—spectrum relation for the entire so-called 
"Marge sequence" of variables (Kukarkin, 1948), with some results for 
8 CMa added (McNamara, 1953) (nomenclature: 1 B CMa, 2 RR Lyrae 
stars, % long-period cepheids, 4 RV Tau, 5 semiregular variables, 

6 O Cet). 


FIGURE 71 


Note that Population II cepheids (W Vir stars) have the same character- 
istics as the cluster variables of comparable periods (e.g., the stars in 
cluster No.154, M3), although their characteristics are entirely different 
from the characteristics of the classical long-period cepheids of the same 
period which are assigned to Population I. 

6. Period — density relation. This is a highly significant 
relation, in so far as it enables us to compare the results of observations 
with the theory and to evaluate the fit of calculated and observed periods. 
The mass —density relation is satisfied by cepheids of all populations. 

This relation follows from the theory and from quite general considerations 
(see below). It has the form 


P Vo= const. 
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Since 
Tt 
@~ Rr 
we have 
2 _ BM, 
& (a/R) 
and 
@ M R 
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Therefore 


ig-& = Ig 4.06(M—Ma) +6! 
ar eT ( @) + & rT 


Hence, finally, we get 


This quantity can be calculated for various periods under the following 
two assumptions: 


(a) M_ (EY =10) i.e., assuming that Eddington's mass—luminosity 
Me Lig 


relation is applicable (this relation was established for normal stars 
(1926), a never proved for cepheids), and 


(b) i = const, i.e., assuming independence of mass and period 


(Melnikov, 1948). 

The computational difficulties stem from the fact that we require the 
integrated, bolometric luminosities L,or M, They are generally derived 
from the visual magnitudes M, using the bolometric correction AM, = 
= —B. C.=M,—M,, which in its turn is computed from Planck's equation 
or is borrowed from the theory of continuous spectra (neither of these 
possibilities is particularly reliable). A simplifying factor is that for 
spectral types near G the bolometric correction is at its minimum and the 
visual magnitude can be substituted for the bolometric magnitude; this, 
of course, does not hold for the extreme spectral types of the cepheids 
(Aor K). 

Assumption (a) was used by M. Gussov a 927) and C. Payne— Gaposchkin 


(1930). Payne- Gaposchkin obtained rf 2 © =¢c= 0.12 (Pin days). This 
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relation was also investigated by Z. Kopal (1939), W. Becker (1940), 
N. A. Kozyrev (1951), R. Kraft (1953), and others. According to Kozyrev 


and Kraft, P Vé- 0.075 and 0.05 at the respective zero points of the 


period—luminosity curve AM,= 0".0 and -1™.5. 
Using assumption (b ), Mel 'nikov (1 948) obtained the following inequality 
(with zero point correction AM, = -—0".5) 


0.049 < Py/ 2 < 0.093. 
&% 


The dependence of Pon yz according to the results of various 


authors is plotted in Figure 72. The data include those of Payne — 
Gaposchkin and Gaposchkin (1943) for AM, = 0”.0, Kraft for AM, = -1".5, 
and Mel'nikov for AM, = —0”.5. Assuming the constant mass hypothesis, 
Meln'ikov obtained 


lg @=const — 2.02 lg P. 


This hypothesis was supported by Parenago (1955), and Thiessen in 1956 
actually proved the inapplicability of the ordinary mass—luminosity rela- 
tion to cepheids (see above). Figure 72 shows that both assumptions 
alternatively satisfy the relation PVo= const, although with a different 
constant. The theoretical calculations of Severnyi (1948) gave the following 


limits for P / 2- c: 
0.050 < Py/ 2 < 0.088. 
& 


&> 


=const 


% 
S 
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FIGURE 72 


For the standard model with specific heat ratio y = 5/3, the constant c 
is equal to 0.0425. The limiting values derived by Severnyi correspond, 
on the one hand, to a star with a vanishingly small admixture of the heavy 
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elements and, on the other hand, to a star with a large content of these 
elements. We see that the constants obtained by Mel'nikov, Kraft, and 
others comfortably fall within these limits. 

Under assumption (a), the masses are generally borrowed from the 
mass — luminosity relation in Kuiper's form (1939) or, still better, in the 
form of Parenago and Masevich (1 951) for high-luminosity stars (from -1™ 
to -7"), Note, however, that for such high-luminosity stars this relation 
was only verified using few spectroscopic binaries. It is therefore not 
completely certain and its application to cepheids is highly questionable, 
especially if we recall Thiessen's result for BM Cas (1956). In this system 
the mass—luminosity relation apparently breaks down. 

In 1939 Z. Kopal carried out a new determination of the constant PVo for 


88 long-period and 30 short-period cepheids. He found that observational 
data give a large spread of values, which was attributed to the correlation 
with the spectral type that he had discovered. Figure 73 plots Kopal's 
results. 


AS RR Lyrae stars Long -period 
cepheids 


Soa 60 KO 
iV Op 


FIGURE 73 


We see that there is a distinct gap between long-period and short-period 
cepheids, which is associated with the discontinuity in the period—spectrum 
relation. 

The constant PYVo was also revised for the short-period cepheids in the 


cluster M3 (Roberts and Sandage, 1954). 
The relation between theoretical and observed cepheid pulsation constants 
PV p=e for a number of models still fails to give unambiguous results. 


Under certain limiting conditions for various models the theory gives 
0.028 <c< 0.070. 

7. Period — luminosity relation. The period—luminosity 
relation of some physical variables in general and cepheids in particular 
is of considerable interest for various purposes. It is particularly impor- 
tant to know the exact cepheid luminosities for comparison of observational 
data with the results of various theories of variability of cepheids of a given 
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period. Even greater significance is attached to the mass —luminosity 
relation as a yardstick for the observed part of the Universe, to be used 
in measuring the distances of the far galaxies. Indeed, the determination 
of luminosity, and hence the distance, from the easily measurable period 
is a mostattractive proposition. Alternative methods of distance determi- 
nation of the distant stars are less reliable. 

Unfortunately, it has been recently established that various characteris- 
tics of cepheids differ in stellar systems of different ages. The above 
method of distance determination is therefore now applied only to the Local 
Group, and even here with some reservations. It is hoped, however, that 
the cepheid method will be used on a much larger scale as soon as the 
above-mentioned differences in characteristics have been studied. Detailed 
analysis reveals a highly promising future. Our interest in the mass — 
luminosity relation should thus steadily increase. 

This most important relation was discovered by H. Leavitt at 
Harvard in 1908 and finally confirmed in 1912 using Southern Hemisphere 
observations of the Small (and later the Large) Magellanic Cloud, where 
the minimum and the maximum stellar magnitudes of cepheids with periods 
from 1.6 to 66 days were determined (the short-period cepheids — RR Lyrae 
stars — were discovered much later, and only in small numbers), 

The apparent magnitudes of the cepheids in the Small Magellanic Cloud 
differ from the absolute magnitudes by a constant amount (the distance 
modulus), which is equal to W—m = 5—5 lg r= 17".25. The apparent, and 
hence the absolute, magnitudes of the long-period cepheids were found to 
show an almost linear correlation with the logarithm of the period. This 
relation between the period and the mean, or median, absolute magnitudes 
since then became known as the period—luminosity relation. 

Approximately at that time, S. Bailey was engaged at the Harvard 
Observatory on a study of globular clusters, where he discovered mainly 
short-period cepheids (for which he suggested the name cluster variables). 
He established that cluster variables with periods from 0.2 to 1.0 days did 
not follow any period—luminosity relation. The dispersion of their 
magnitudes about the mean was a mere 0.1 stellar magnitude. 

The work of H. Shapley demonstrated the extraordinary significance 
of the period—luminosity relation for determining the distances of globular 
clusters and extragalactic systems (primarily M 31 in Andromeda and M 33 
in Triangulum). First, however, the zero point of the period — luminosity 
relation had to be determined, so as to permit converting the apparent 
magnitudes to absolute magnitudes. This problem was first investigated 
by E. Hertzsprung in 1913 for 13 galactic cepheids with known proper 
motions from Boss's catalogue. The secular parallaxes of the group, and 
hence the distance modulus, could thus be determined. In 1918 a similar 
analysis was carried out by Shapley using 11 stars with proper motions 
listed in Boss's catalogue and with known radial velocities. Statistical 
group parallaxes were used, since the individual distances of galactic 
cepheids are seldom known: the cepheids as a rule do not appear as compo- 
nents in multiple stars and visual binaries with known parallaxes, nor are 
they found in Hyades-type moving clusters, open clusters, or other forma- 
tions whose distances are known from the Hertzsprung— Russell diagram 
or from other data. 
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Bailey's observations detected occasional long-period cepheids in some 
of the globular clusters in the Galaxy. For example, Cen was found 
to contain 5 long-period cepheids, against more than 100 cluster variables. 
Comparison of the apparent magnitudes of long-period and short- 
period cepheids in globular clusters, using the period — luminosity 
relation (from Leavitt's data for the long-period cepheids in the Small 
Magellanic Cloud; Bailey's data for globular clusters established lack of 
any correlation for the short-period variables), enabled Shapley to plot 
the entire period—luminosity curve. In this way the "shape" of the period — 
luminosity function was fixed for all the cepheids with periods ranging from 
very short to very long. The visual magnitudes were used. The zero point 
was fixed from the motions of 13—11 galactic cepheids, i.e., from average 
parallaxes. Shapley confirmed Hertzsprung's result: he obtained for 11 
cepheids 4, = 2™.354 07.19 for P= 5.96 days. Once both the shape and the 
zero point of the period—luminosity relation had been fixed, the short- 
period cepheids were found to have M, = -—0".3. The curve enabled the 
astronomers to determine the distances to objects containing cepheids of 
any period. Particularly suitable for this purpose are the short-period 
cepheids, whose luminosity is independent of the period. In these cases 
we do not have to determine the period and only the median, or the mean, 
stellar magnitude is required. This method, however, is no longer used, 
since we have seen that the long-period 
cepheids in globular clusters are Popula- 
tion II stars, or, more precisely, stars 
of the halo component of the Galaxy, and 
are thus physically different from the 
Population I long-period cepheids of the 
disk component. There is thus no justi- 
fication whatsoever to combine these stars 
into a single curve. 

In 1930, in his book "Star Clusters" 
Shapley has finally adopted after a lengthy 


-~Q6 Q0 +06 +12 +16 discussion adefinitive zero point of the 
la? photographic period—luminosity curve 
FIGURE 74 for c2pheids. However, he introduced an 


unjustified correction of + 0.25, which as 

it turned out had a detrimental effect on 
the originally excellent result obtained as early as 1918 using a small 11 
star sample. Shapley's curve is given in Figure 74 (solid curve). The 
zero point of this curve according to Shapley is AM,,, = 0".0. The 
luminosity of the short-period cepheids is taken equal to M,,= 0”.0. Dark 
circles in the figure correspond to average log periods lg ?, the light circles 
mark the average M. 

As proper motions and radial velocities of more stars became known, 
various authors tried to revise the shape of the period—luminosity relation 
and especially its zero point (1923—1939). 

All the authors used the proper motions, radial velocities, and trigono- 
metric parallaxes of the cepheids. As a rule the absolute magnitudes M,,,, 
from Shapley's relation were found to be too low. Later this was linked up 
with corrections for interstellar absorption, which had been ignored by 
most of the authors. The significance of these absorption corrections was 
finally recognized by astronomers only in the 1930's. 
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In 1944 Mel'nikov revised the question of the zero point of long-period 
cepheids using radial velocities, proper motions, trigonometric and 
spectroscopic parallaxes. At the same time he considered the problem of 
interstellar absorption. After 1930 the zero point had been shifted to 
AM,, = -0".5. The differences between the averages lgr and lg 7, lg p and 
Ig p, and also c=r-p were taken into consideration, a point which proved 
of considerable significance. Suppose that we are seeking to determine AM 
from the average distance 7 calculated from the equation of differential 
galactic rotation. Let Jf,be the absolute magntide from Shapley's period — 
luminosity relation, 7 the true absolute magnitude, AM the zero point 
correction, and a,, a photographic absorption coefficient. Let further p be 
the "photometric distance (not corrected for absorption) and r the true 


distance. Then 
M,=m+5—5lge, 
M,=M,+AM,=m4+5—5lgr— str ; 


Averaging and subtracting we get 


Gpg? Opg'l 


AM, =5lga—5lgr— sop, =5 (Ige—Igr) +C,— O00 


where 


C,=5[(lg>—lgr) —(Ige—Ige)). 


Similarly, if the average true parallax p is known from proper motions, 
we have 
Gpg°¢ 


— 


1000p 


AM,=5(lge—le= )+C,— 


where 


erin 


C,, C,, and c can be tabulated for various values of AM anda,,. The inter- 
section point of the curves AM,=f,(a,,), AM,=/,(a,,) for two groups of stars 
fixes the zero point correction A/V and at the same time a,, (since in 
practice groups of stars with proper motions and radial velocities have 
entirely different composition). Thus, Mel'nikov obtained AM = —0".54 

+ 0”.2 and a,,= 0".91kpc ". These results were confirmed by an analysis 
of the < coordinate of cepheids (Aas = —0".5 for a,,= 1".1kpc~*) and by the 
trigonometric parallaxes (AM= —0".4 for a,, = 1"kpc™*). 

Mel'nikov's analysis of the known 156 radial velocities and 86 proper 
motions of long-period cepheids gave AM = —0".5 and a, = 1™kpe *, This 
means that the distance of the extragalactic nebulae in Andromeda, 
Triangulum, etc., should be multiplied by a factor 1.26. This question 
was also studied in 1944 by Camm and Mineur. Mineur returned to this 
problem in 1952. Camm obtained Adf = —0”.11+0".19, i.e., virtually zero, 
whereas Mineur found AM = -—0".73 and later -1".3, which is consistent 
with Mel'nikov's result as far as the sign is concerned. Kukarkin in 1949 
revised the question of the zero-point correction and the shape of the 
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period— median absolute magnitude relation. After a critical analysis he 
adopted Mel'nikov's zero point, i.e., —0".5 (long-period cepheids) and 
obtained the following relations: 

1) for long-period cepheids 


M yy = —0™.74— 1.67 lg P (0.00 < lg P < 0.95), 
My, = — 0.35 — 2.08 lg P (0.95 < lg P < 2.00); 


2) for short-period cepheids 


Mpg = —0".17 — 0.20 1g P (Ig P < 0). 


These relations are plotted by dashed curves in Figure 74. They have 
obvious discontinuities for lg P= 0.0 and lg P=1.0. The above results 
would appear to confirm the negative zero point, but most astronomers 
did not realize the significance of this result and up to 1952 continued 
using Shapley's curve with the zero point AM/,,=0".0. 

In 1952 Baade turned his attention to this question and in 1956 he 
published a comprehensive review of the entire zero-point dispute. 

Having photographed the Andromeda Nebula M 31 with the 200-in. 
telescope with a correction lens (F/3.7), contrary to all expectations he 

failed to discover any short-period 
cepheids, even at the maximum. He 


-4" thus concluded that Shapley's zero point 
AM, = 0".0 of the period—luminosity 

~J3 curve should be moved to AM = ~1".5 
for the long-period cepheids, whereas 

-2 for the short-period cepheids the 

Mag previous value can be retained. 

-] This was the second adjustment of 
the zero point of Shapley's period — 

o luminosity relation after Mel'nikov's 


study (1944), who obtained -0".5. 
72. Note that W Vir stars, i.e., 

al 10 Pp 00 100-0 Population II long-period cepheids 
(stars of the halo component), retain 
their original luminosities according 
to Shapley's period—luminosity curve 
with AM,= 0".0 even if the zero-point corrections —0".5 or.-1".5 are 
adopted. 

The entire period—luminosity curve according to Baade thus falls in the 
first approximation into two separate parts: a branch of Population I 
cepheids and a branch of Population II cepheids, i.e., cepheids of the disk 
and the halo subsystem. This is schematically shown in Figure 75 (1 corre- 
sponds to Population I long-period cepheids, 2 to Population II long-period 
cepheids, 3 to Population II short-period cepheids, RR Lyrae stars). If 
Baade's result receives further substantiation, it will not affect the size of 
the Galaxy, the distances of the globular clusters, etc., since they are 
mainly based on the luminosities of the short-period cepheids, which have 
not changed either. The dimensions of other galaxies and their distances, 


+] 


FIGURE 75 
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on the other hand, should be doubled, as they are based on the luminosities 
of Population I long-period cepheids with AAf = -1".5 = -5 Ig son 

Baade's results created a forceful impression and all the subsequent 
authors took it upon themselves to prove (or disprove) the validity of the 
new zero point AM = —-1".5. A similar tendency became apparent soon 
after the publication of Shapley's work in 1930, when the zero point AM, = 
=0".0 was first introduced. The need ina positive correction of about +1 
was felt only for the weak cepheids, but it was accounted for by the effect 
of interstellar absorption. The discussion around the zero-point correction 
between the years 1930 and 1944 was not particularly effective, and 
Shapley's zero point AM,= 0”.0 remained in wide use unfil 1944. 

In 1944 Mel'nikov first established the negative zero-point correction 
AM = —0".5. It was not accepted, although subsequent work proved it to 
be substantially correct (Minuer, Camm, 1944; Kukarkin, 1949, and 
others). Finally, in 1952 an even larger negative zero point (A.\J= —1".5) 
was advanced and accepted. The preceding discussion refers only to the 
long-period cepheids of the disk component. A long chain of studies 
followed intended to verify this zero point. Often they ignored or under- 
estimated various relevant corrections in the calculation of averages, 
exaggerated the effect of interstellar absorption, etc. A critical analysis 
of Baade's work led Kholopov (1954) to the conclusion that Shapley's zero 
point was inapplicable to the short-period cepheids (A\s= + 2".0). It was, 
however, valid for the long-period cepheids of the disk component 
(Am = 0.0). In this case the entire situation is naturally reversed: the 
distances and the dimensions of the galaxies do not change, as they are 
based on the long-period cepheids, whereas the system of globular clusters 
is "contracted" by a factor of 2.5 (the corresponding distances are reduced 
by this factor). In theoretical calculations the mean density of matter in 
the long-period cepheids should be left as before, and that in the short- 
period cepheids should be increased by a factor of 15, and soon. Arp (1955) 
tried to prove that the Population II long-period cepheids in the nearest 
globular clusters (M2, M5, M10, M13, M15, and w Cen) with periods of 
from 1.5 to 67 days and longer fall in their turn into three distinct period— 
luminosity sequences with different zero points. These sequences are 
displaced along the horizontal axis by twice the period value, so that only 
the lowest sequence is a direct continuation of the corresponding curve for 
RR Lyrae stars. Note that the average luminosities were determined by 
a somewhat unusual technique: the area of the light curve in intensity units 
was measured planimetrically to determine the mean apparent luminosity !. 
This in its turn was used to calculate the mean absolute magnitude Wf, which 
was found to be 0”.2 greater than the ordinary median magnitude. 

Arp is of the opinion that the division of Population II cepheids into three 
sequences with doubled periods is associated with different pulsation rates 
of these stars. However, Reddish (1955) rejected this conclusion, based 
on a small sample of only 19 stars. He showed that 12 out of the 19 stars 
(although their spectra are known, a prerequisite for the determination of 
bolometric luminosities) virtually gave a single period—luminosity 
relation, with marked deviations for two stars only. This was due not to 
differences in pulsation but to differences in chemical composition. This 
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point is of considerable significance, since the theory of the internal 
constitution of stars uses data on mass, luminosity, radius, and chemical 
composition. 

A correct answer (at least as far as the methodology is concerned) to 
the problem of the zero-point correction of the period—luminosity curve 
was supplied by Kukarkin in 1954. He observed that the zero point is 
fundamentally not a single-valued quantity. He suggested that there was 
a multiplicity of zero points in various stellar systems, which are often 
populated by stars of different age characteristics. 

Baade's result thus only indicates that the zero points of the period — 
luminosity curves of RR Lyrae stars and long-period cepheids are different, 
the difference being about 1”.5. 

Kukarkin showed that a whole range of other morphological characteristics 
of cepheids are different in different star systems. These include 1) the 
dependence of the light curve skewness on the period, 2) the dispersion of 
the absolute magnitudes of RR Lyrae stars (0".15 in globular clusters and 
0”.6 in the galactic field, i.e., in bound and free state, respectively), and 
so on. . 

In view of the uncertainties in the photometric systems, the cepheid 
luminosities are best characterized by the integrated or "bolometric" 
absolute magnitudes //,. Parenago (1955) obtained the following relations 
(with some uncertainty in AM,): 

1) M,= -0%.49—07.20 lg Pfor RR Lyrae stars, 

2) M,= —0™.92—07.51 lg P for Population I long-period cepheids with 


3) M,= —0".14—3".28 lg P for Population I long-period cepheids with 


4) M,= -0™.81—2".72 lg P average for all periods. 

For Population II long-period cepheids Reddish (1955) obtained 

5) M,= —0".07—2".67 lg P. 

Note that the period—luminosity relation was also established for RR 
Lyrae stars in globular clusters, M3 in particular. Attempts are currently 
being made to calculate the absolute magnitudes of cepheids from the 
average radii obtained by comparing equal-color points on the radial 
velocity curves. This was the approach used by A. Rogers (1957). He 
found M,,= 0".0—1".74 lg Pfor x Pav, y Oph, WVir and 4/,,= —1".6— 

1".7 lg Pfor 6 Cep, n Aql, B Dor and1 Car. For f Dor, ™,, (and therefore &) 
is relatively high compared to its period. These are the so-called 

pulsation parallaxes, previously calculated by Kipper. ‘Their applicability 
has been discussed by various authors. 

In conclusion of this subsection let us consider a direct method for 
assessing the applicability of the zero point. Eggen (1951) used this method 
for 6 Cep A and its companion 6Cep B. The companion, as we have noted 
before, is separated 40" from the primary and has m,,= 6".01, C/=C, = 
= -0".12, Sp = B8—B9. According to Herbig, this companion is reminis- 
cent of the blue dwarfs in Pleiades. For these stars, for C,= —-0".12 the 
absolute magnitude is M = +0™.55 (Eggen, 1950). The distance modulus 
for 6 Cep A inferred from its satellite is therefore m—M = 6™.01—0”.55 = 


= +57.46. Hence at the median point of the light curve ( Mmmea = Tm = 
= Som 00 = 4".45) we have for 6 Cep A M= -1".01. Shapley's period— 


luminosity curve, on the other hand, gives for 6 Cep A M= -1".42. 


201 


Ch, VII. CEPHEIDS 


It thus follows from these data that AM = ~1".01 +1".42 =+ 0.41, i.e., 
a positive correction is obtained for this long-period cepheid. Remember, 
however, thatthe method is inaccurate, since the position of 6 Cep B in the 
Hertzsprung— Russell diagram is such that a slight change in C, leads toa 
large variation in luminosity. 

We see that these methods for the determination of AM lead to highly 
contradictory results.* Yet the problem of the exact zero-point correction 
is of considerable significance, since it is related to the determination of 
interstellar and intergalactic distances. Recently some authors tried to 
link this problem with the time scale and the doubling of intergalactic 
distances, which led them to associate the new zero point AM = —1".5 with 
unfounded arguments purporting to explain the evolution of the entire 
Universe from a single point. 

The multiplicity of zero points of the period—luminosity relation even 
for the galactic long-period cepheids causes considerable confusion. Often 
it is associated with inaccurate introduction of interstellar absorption. 

In view of the considerable uncertainty, it seems that we should look 
only for corrections to the most reliable zero points, and this only after 
more complete information becomes available on interstellar absorption, 
normal colors, true radii of cepheids, etc. 

For Shapley's photographic curve (1930) the most reliable zero points 
are the following 

(a) the zero point of the long-period cepheids of the disk component, 
AM = —0".5 (Mel'nikov, 1944), AM = -1".0 (Parenago, 1955), and 
AM = -1™.5 (Baade, 1952): 

(b) the zero point of the short-period (and partly long-period) cepheids 
of the halo component, AM = 07.0 (Baade, 1952), AM=+0",5 (Pavlovskaya, 
1953), and AM=+2".0(Kholopov, 1954), 

All the other zero points, taking account of the actual and inherent 
errors (and not only the errors described by the respective authors), 
should be close to the above values. 

8. Some general regularities for cepheids. A basic 
characteristic of all the cepheids is the Hertzsprung— Russell (color- 
luminosity or spectrum — luminosity) diagram. The complete diagram 
is shown in Figure 76 from Eggen's photoelectric observations (1951). 
However, this is only a qualitative diagram, since the normal colors of 
the cepheids in this system differ from those obtained by a number of 
other authors (as communicated by G.S. Badalyan). In this diagram 
1) M=+0".31—2".52 lg P, i.e., a period—luminosity relation with a zero 
point slightly different from Shapley's zero point, 2) Cp... = —0".036 + 
+ 0.613 lg P, 3) Cym= —07.12 +17.194 lgP. 

For normal stars near the Sun, Badalyan's data were used (1950), and 
for stars in the globular cluster M92 Hoenberg's data (1939) with distance 
modulus m,,—M,, = 15".0. The difference in the amplitudes of cepheids 
of groups A and #is relatively small, and they are combined into one 
sequence. Cepheids of group C at the minimum are not shown since 1) it 
has not been proved that they follow the same period—luminosity relation 
as cepheids of groups 4 and # and 2) the period—amplitude relation for 
this group is inconclusive. 
® Recently Yu.P. Pskovskii analyzed the radial velocity data and obtained a zero-point conection AM = 

=-1™.3 4 0™.3 to Shapley's curve (1957, 1959), and Mel ‘nikov showed that the correction - AM> 0.5 
is apparently inconsistent with the value of the pulsation constant ¢ (LAU Congr., Moscow, 1958; Trans 
IAU, Vol.X, p.701, 1958, Cambr. Univ. Press, 1960). 
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FIGURE 76 


Other important characteristics of cepheids are those observed for 
pseudocepheids or supergiants. As an illustration Figure 77a shows the 
Hertzsprung~— Russell diagrams for cepheids and pseudocepheids (c-stars). 
The spectra of pSeudocepheids are close to cepheid spectra. Pseudo- 
cepheids include the supergiants listed in Table 18. 


TABLE 18 


Dwarfs 


| s 
Star | wig 


Aver. 
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These are stars of luminosity classIb in the MKK system. The same 
table also lists other stationary stars which can be used for converting 
Eggen's normal colors, i.e., Cy» to spectral types for various luminosity 
classes (1950). 

Because of the period—spectrum and period—luminosity relations, 
cepheids of later spectral types are inevitably of higher luminosity. 

Pseudocepheids show a 
ASI F5Ih «FGTh «= G2Tb reverse dependence. The curves 
j] I Fély F7lb/ com | B57 KM/b for the two groups of stars — 

: stationary (or almost stationary, 
according to latest data) and non- 
stationary variables — cross in 
the region of G spectra, appa- 
rently a point of decisive signi- 
ficance in the theory of cepheid 
evolution. 

Figure 77b further shows the 
position of the curves for some 
typical cepheids at different 
phases of the light curve in the 
(V—&)), (#—J), diagram from the 
latest data of six-color photo- 
metry (Kron and Svolopoulos, 
1959). The same figure shows the 
line of true colors of the normal 
supergiants (pseudocepheids) and 
the "reddening line" which acco- 
modates the supergiants whose 
OG 0494 -G2 00102 404 106 0'6 color is distorted by interstellar 

(Rly absorption (reddening). Note that 
the cepheid curves are stretched 
upward parallel to the supergiant 
line. We can thus find the color 
excess of the cepheids for any 
phase. 

Figure 77c shows the true 
color (B—V), and the MK spectra 
of a number of cepheids. The 
same figure marks the corre- 
sponding points for supergiants, 
giants, and dwarfs of luminosity 
classes Ib, UI, and V. These 
data were borrowed from Kraft 
(1960) and obtained by narrow- 

FG fa F4 fF FA ra 62 64 66 GF KP band photometry. 

We recall that the classical 
cepheids have the same distribu- 
tion as B type stars relative to 
the plane of the Galaxy (and probably in space, although some contradictory 
data which require further explanation have beén recently obtained). For 
this reason cepheids and B type stars are particularly convenient for 


© stars { 


FIGURE 17 
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studying the interstellar absorption of light in the Galaxy. The cepheids 
give the total interstellar absorption (since their normal colors are known 
with insufficient accuracy) and the B stars can be used to determine the 
selective absorption (as their normal colors are known with higher 
accuracy). Numerous astrophysicists have worked on this problem. 

Cepheids show prominent reddening, especially in Scutum, Cygnus, 
Sagittarius, Cassiopeia, and other regions of the sky. According to 
Badalyan (1956), the absorption for cepheids in the dark regions (Cygnus 
and Cassiopeia) is generally higher than in the luminous regions, even if 
the cepheids in the dark areas are closer to the Sun. 

A highly interesting problem is to trace the spiral arms of the Galaxy 
using the distribution of cepheids. 

The spiral arms have been originally charted using associations of hot 
O stars, supergiants, and early giants. The arms were also traced from 
some 150 diffuse nebulae, from star clusters, etc. There seems to be 
one outer arm and one inner arm a few hundred parsecs thick. 

A considerable amount of information was obtained from radio observa- 
tions of hydrogen clouds at 21cm by Oort, van de Hulst, and Muller. 
These hydrogen clouds lie in the spiral arms of the Galaxy, and since the 
Doppler shift at centimeter wavelengths is very substantial, and the spiral 
arms move with different velocities, the clouds lying in different arms 
show through. 

Studies of spiral structure were continued at various observatories 
both theoretically and experimentally. The results revealed the traces of 
five spiral arms. 

In 1954 Torgor established that the long~period cepheids predominantly 
concentrated in the spiral arms. 

A more detailed study of the concentration of cepheids in the spiral arms 
was carried out by Badalyan in 1956 (he used a new method). Working with 
the distance — galactic latitude diagram, he proved that cepheids like 
interstellar hydrogen clouds are concentrated in three outer and one inner 
spiral arm. The neutral hydrogen radiation intensity shows excellent 
correlation with the log periodofthe long-period cepheids. This, and other 
relations studied by Badalyan pointed to a possible genetic link between 
long-period cepheids and neutral hydrogen clouds. Recently, radial 
velocities and luminosities have been used to show that some cepheids 
apparently belong to galactic clusters, e.g., DL Cas belong to NGC 129. 

In 1960, Arp published his study on Cepheids in Galactic V 
Clusters, where three-color colorimetry with the 200-in telescope was 
applied to investigate in detail a long-period cepheid (5¢.38 period) and 40 
nearby stars in the galactic cluster NGC 2355. It was apparently proved 
that the cepheid (CV Mon) belongs to this cluster. 

9. The theory of cepheids. The pulsation theory has been 
developed in considerable detail. We will consider only the rudiments 
of this theory. 

For small, radial and symmetric pulsations of a homogeneous gas 
sphere, where pis the mean density of the outermost layers, gis the 
gravitational acceleration, Pis the gas pressure, we have at a distance R 
from the center 
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It has been established theoretically that for low-mass stars, in particular 
for cepheids with masses of 5—8 Wo, the contribution of radiation pressure 


to the overall pressure is negligible. 
The oscillations of the pulsating star are small and the physical para- 


meters therefore can be expanded in a series about their equilibrium 
values (subscripted with 0). 
Thus, 
R=R,(1+a), 
g=8,(1+a)? = g, (1— 2a), 
C=O) (1 +a)? = o, (1 — 3a). 


Let the oscillations be adiabatic. Then P~ ov (where y is the specific 
heat ratio) so that 


P=P,(1+a)-3vY = P, (1 — 3ay). 
Now differentiating (for constantc), we have 


dR=dR,(1+a), 

dP = — godR, 

EP. = — BQ dQ, 

dP = dP, (1—3ay) = — go@y dRy (1 — 3ay). 


Applying these transformations, we write the fundamental differential 
equation (omitting all terms with a?) in the form 


eR ~ godRy (1—3ay) &o(1-—3ay) _ 
git = — Gol! — 20) + aay — bol — 20) + aaa) = 


da 


0 (1-3 
= —go(1— 20) + &—Y — — g, (1 — 2a) — (1 + 2a —3ay)| = —g (3y— 4) 0 = Po Se 


or alternatively 


da g 
ae ta, By—4)a=0. 
a characterizes the contraction of the cepheid and, like = it is independent 


of R. Therefore #? is also independent of R. But 


If we assume a sinusoidal variation of a, 
A . Qn 
a=sinwt—=sin--t, 


where Il is the period (to distinguish it from the pressure P). Insertion of a 
in the differential equation gives the oscillation period 


| / on 
l= ee en 
CQo (Sy — 4) 


206 


§46. GENERAL CHARACTERISTICS OF THE CEPHEID POPULATION 


Hence we obtain the fundamental period —density relation: 


= 3m 
TV e=V Gaya * 


If we take y = 5/3 (a very low admixture of heavy elements), we find for 
G = 6.66-10° 


TV o,=c, =0.14. 
For y= 14/9 (a substantial content of heavy elements) 
TV @ =0.24. 


Alternatively, II is 0.12 and 0.20 in the two cases, respectively (here 


lis expressed in days and @g= 1.411 g/cm’). 

We see that even the rudimentary theory of pulsation gives a constant c, 
whichis close to the observed value. A more rigorous theoretical value 
for the standard stellar model using the radiation pressure according to 
Eddington (a "polytropic'' sphere with n= 3 and e,= 54.49, where o, is the 
density at the center) is 


ove — __0.039 
& Y 3r—4 


where 


Zz (4-39) (y—1) 
P=8+ ar q—nd—sy 


(here B is a function of the radiation pressure). 7 
According to later calculations by Severnyi (0,= 54.18), 


= _ 0.0505 
NV = ary ° 
Kozyrev's results (1948) show that the structure of cepheids is close to that 
of a polytropic gas sphere with n= 3/2, which corresponds to a slight 
concentration of stellar matter toward the center, o,= 6g. 

The pulsation theory is on the whole capable of explaining the character - 
istic features of cepheids. There are a number of substantial difficulties, 
however. These include 1) the relative phase shift in the variation of the 
photospheric and atmospheric radii and 2) the arbitrary pulsation 
amplitude (the equations are linear). 

The first difficulty is explained by examining the behavior of a cepheid 
atmosphere in the variable radiation field. The arbitrary pulsation 
amplitude is more difficult to account for, since observations definitely 
show that the cepheid amplitudes, although spread between certain limits, 
are by no means arbitrary and are definitely a function of the period. 
Eddington's original pulsation equation allows pulsations of any amplitude 
about the state of stable equilibrium. Moreover, it predicts a considerable 
number of stars with nearly zero amplitudes among cepheids of any period. 
This contradiction between theory and observation shows that the cepheid 
pulsation is inherently associated with the instability of the star, i.e., the 
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equations describing the phenomenon are not linear differential equations 
with arbitrary amplitude. This was noted by Ambartsumyan back in 1930. 

A substantial improvement of the pulsation theory was recently advanced 
by Zhevakin. He developed the theory of sustained oscillations of cepheids 
with a region of doubly ionized helium (assuming a generally high relative 
abundance of helium). He successfully explained the phase relations between 
the light curve and the radial velocity curve for the entire "large sequence" 
of variables. In our opinion, however, the pulsation theory should not be 
expected to do this, since the cepheid atmospheres exist under highly 
peculiar physical conditions and they require a special theory which does 
not relate their behavior to the properties of the interior layers, the 
interaction being highly complex. 

The initial illusion of a perfect fit between the pulsation theory and the 
observations was shattered when discontinuous velocity variation was 
discovered for individual lines in the spectra of W Vir, RR Lyr, and other 
stars. There are reasons to believe that similar effects are also observed 
in the spectra of numerous other cepheids (the broadening and skewness of 
lines in their spectra suggests this); they have not been discovered so far 
only because of the insufficient spectrograph resolution: the line widths are 
too large, the exposures are too long (an inevitable shortcoming when 
photographing very faint objects ), and soon. The last problem — finite 
resolution of spectral lines on the time scale (a most significant aspect of 
variables) — was studied by O. Struve (1954) for the particular case of 
BW Vul, a Bf CMa star. 

The above effects cannot be explained by the pulsation theory in its pure 
and simple form. In our opinion, at least a qualitative explanation can be 
found if we further assume that powerful prominences are periodically 
ejected from the atmospheres of the pulsating cepheids, not unlike those 
which are frequently observed during the partial eclipse of 31, 32 Cyg, «, 

& Aur, VV Cep and other stars. Another possibility is that the cepheids 
periodically shed their outer envelope, like certain Be stars. Magnetic 
fields apparently make a substantial contribution to the variation of cepheids 
(as to other stellar variation phenomena). Indeed, the motion of ionized 
stellar matter can be largely regulated (accelerated or decelerated) by 
magnetic fields. Small fluctuations of these magnetic fields will apparently 
explain the turbulence phenomena observed by O. Struve in various stars 
and by Mel'nikov in cepheids. A definite analogy can be drawn between this 
effect and the solar prominences (where the role of electromagnetic fields 
is obvious). Quite recently Babcock (1956) showed RR Lyr to possess a 
variable magnetic field, ranging from +1170 to -1580 G 150) gauss. 

Note that the classical pulsation theory easily can be verified in 
observations (if the various difficulties mentioned in the preceding are 
ignored). A suitable criterion was proposed by Baade back in 1925. Itis 
based on the fact that the variation of the radius derived from light and 
color curves on the one hand and by integration of the radial velocity curve 
on the other should give identical results (apart from possible phase dif- 
ferences). Bottlinger applied this criterion in 1928 to £ Gem, though without 
success, Since he associated this criteria with the assumption of blackbody 
radiation of the star. The radius and the line shifts varied out of phase. 

In 1940 Becker rejected the blackbody hypothesis and assumed only a 
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single-valued relation between the color temperature and the surface 
brightness. He obtained in-phase variation of the radius and the line shifts 
and actually calculated the radii in km. 

As we have noted before, points of equal color index can be selected on 
the cepheid light curve (as Wesselink did for 6 Cep). At these phases the 
surface brightness is presumably also equal, although the apparent magni- 
tudes are different. The change in luminosity between the two corre- 
sponding points (phases) is thus attributable only to a change in the stellar 
surface: 


Amp = — 2.54 lg (402), 

Amn = 2.17 22 
Integration of the radial velocity curves gives the variation of the line 
shifts 6D; hence approximately 


Figure 78 plots Am, as a function of 6) for 56 Cep according to the last 
relation. We see that the dependence is indeed approximately linear and 


the ratio a (assumed unknown for 


5Cep) is 18.8-10°km from the 
figure. If p= 24/17wehave & = 
= 26.5-10°km for § Cep. 

Thus, the pulsation theory fits 
the observations in this case. 

An alternative pulsation cri- 
terion was proposed by M. 
Schwarzschild in 1938. He re- 
commended using the radial 
velocity curve, and not the light 
curve, for control purposes. The 
period —density relation provides 
another highly attractive criterion 
of the validity of the pulsation 
theory. We have repeatedly mentioned various contradictions and incon- 
sistencies. However, these contradictions are entirely eliminated if the 
zero point of the period—luminosity curve and its shape, as well as the 
shape of the mass—luminosity relation are appropriately adjusted in the 
calculation of Py 0. 

Detailed comparison of the pulsation theory with observation data was 
carried out by Th. Walraven for 6 Cep. He mainly compared the calculated 


effective kinematic value bu = GPs +R with the value g, obtained spectro- 


photometrically. The g, of 8 Cep (the second term & dominates its variation) 
remains constant during most of the period, but just before the phase 

04.9, i.e., before the light maximum, where the radius obtained by inte- 
gration of the velocity curve is at its minimum, it abruptly and markedly 
increases. The variation of g, follows a much smoother curve, however, 
and its maximum is delayed: it appears simultaneously with the light 
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maximum or even later, when the radius is close to its mean value. 
Moreover, g, is on the average 1/40 of the previous value. Thus, unlike 
Kipper (1934) or Kriiger (1937), who used an inaccurate relation (W ~ WN) 
for converting the line widths or equivalent widths to number of atoms, 
Walraven did not confirm the hypothesis of the direct relation between 

the effective g, and the acceleration. His results thus do not support the 
hypothesis of simple pulsations either. The correctness of his findings is 
apparently supported by O. Struve's result (1944), who noticed a substantial 
enhancement of the ionized lines just before the light maximum (when P is 
smallest) in 7 cepheids, and also by the result of van Albada (based on 
Pannekoek's data), who also established that for 6 Cep near the minimum 
radius the g, was less than soon after the maximum. According to 
Walraven, these data point to excellent agreemert with Schwarzschild's 
pulsation model, i.e., the model of a travelling (surfacing) wave, as is 
evident from the similarity in the curves of electron pressure and R. The 
marked increase in P; from minimum to maximum corresponds to a sharp 
increase in Aandg,. Ontheother hand, Schwarzschild's theory has its own 
unsolved difficulties and contradictions. 

The recent development by Frank-Kamenetskii (1955) of the theory of 
"central pulsations’ opens new possibilities toward ensuring a better fit 
between theory and observations. In particular, the theoretical and the 
observational radial velocity curves show a good fit. An attempt was 
made to extend this theory to the case of radial velocity curves of cepheids 
with secondary maxima (Iroshnikov, 1959). 

The pulsation theory definitely explained some fundamental features of 
cepheids. The great variety of observational material, however, requires 
further radical improvement of the existing theory or possibly its 
replacement by a better theory. 

10. Characteristics of cepheids in other star systems. 
This extensive subject will be considered very briefly. 

Short-period and long-period cepheids were observed in galactic globular 
clusters and also in globular clusters in extragalactic star systems. Long- 
period cepheids were also observed in the nearest extragalactic neighbors, 
the Ir star systems in the Large and the Small Magellanic Clouds, and also 
in NGC 6822 and NGC 1613. Fairly recently, globular clusters were 
observed to contain occasional long-period cepheids; long-period cepheids 
were also found in the nearest spiral galaxies, M31 in Andromeda (Sb yi, 

M 33 in Triangulum (Sc), M81 in Ursa Major (Sb), and others. 

These cepheids on the whole show the general characteristics described 
for the galactic cepheids; in particular they obey the period—luminosity 
relation. Deviations of the cepheids in Magellanic Clouds and inthe spiral 
galaxies in Andromeda and Triangulum from this relation in fact enabled 
Gordon (1945) to devise a new technique for confirming the presence of 
light absorbing matter in these systems. 

a) CEPHEIDS IN GLOBULAR CLUSTERS. Short-period cepheids were discovered in 
great numbers in globular clusters. According to Sawyer's catalogue 
(1955), 72 globular clusters contain 1421 known variables. Seven clusters 
contain over 50 variables. The clusters richest in variables are M3 
(NGC 5272) in Coma Berenices (187 variables), NGC 5139 or w» Centauri 
(164 variables), M5 (NGC 5904) in Serpens {97 variables), and M15 
(NGC 7078) in Pegasus (93 variables). 
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Some 10% of the cluster variables cannot be regarded as short-period 
cepheids. In particular, 36 clusters contain 122 stars of this exceptional 
group. Of these 15 have periods greater than 10 days, and 13 periods from 
10 to 26 days. They are classified as long-period cepheids or W Vir 
variables of the halo component. 

The distribution of all the known short-period cepheids in globular 
clusters according to Sawyer's data is shown in Figure 79. 
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FIGURE 79 


The most remarkable feature is the large minimum near periods of 
0°.44; it intervenes between the two maxima at 04.39 and 04.52. This 
bimodal distribution indicates that the short~period cepheids do not 
constitute a homogeneous population, as the minimum cannot be attributed 
to selection effects (Kukarkin, Struve, Joy, Shapley, and others). Smith 
(1955) has shown, in particular, that galactic cepheids with periods less 
than 0 .2 are not RR Lyrae stars. Their period—spectrum relation is 
similar to that of RR Lyrae stars (types a and -), but itis displaced along 
the spectrum axis. 

The period—color relation for stars with P < 0°.2 has a smaller slope 
than that for RR Lyrae stars, which in its turn is close to that for M3. The 
light variation amplitudes of cepheids with P < 04.2 decrease from 1 to 0.3 
stellar magnitudes as the period is increased between P= 0“.05 and 07.2. 

Analysis of the motion of these cepheids (unfortunately, only 9 stars) 
gave 66km/sec for the velocity of the Sun. The corresponding apex was 
found to lie between the apices for the members of the Local Group and for 
the high-velocity stars. The proper motions reduced to one stellar 
magnitude decrease with increasing period, a point of considerable signifi- 
cance in the application of the average parallaxes. Their radii, obtained 
by the method of Baade— Wesselink— Stebbins (see above), are 1.4 and 3.8 Ro 
for CY Aqr and VZ Cnc, respectively. The absolute magnitudes of stars 
with P< 0%.2 are generally between +i” and+4™. Stars of this group are 
very seldom observed in globular clusters. This is an entirely special 
group of stars: they are small, with intermediate masses. Their variation, 
except the length of the period, is reminiscent of the variation of RR Lyrae 
stars, but in terms of their galactic distribution, motion, and masses they 
are closer to the classical long-period cepheids. Smith appropriately 
proposed the name of "dwarf cepheids"' for these stars (typical representa- 
tives CY Aqr and AI Vul). Indeed, we know that the c characteristic is 
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observed only for long-period cepheids with medium periods; short-period 
cepheids and classical long-period cepheids (those with long periods) do not 
possess this characteristic. 

The entire frequency curve of Figure 79 clearly can be split into sections 
differing in certain characteristics. Note that the frequency curves of 
short-period cepheids in individual clusters vary between wide limits. 
These differences are correlated only with the shape of the color —luminosity 
diagram of the particular cluster. According to Oosterhoff (1939), Sawyer 
(1944) and others, a number of clusters show a unimodal distribution of log 
periods; these are mainly clusters rich in variables (M3, M5, NGC 3201, 
etc.). Unimodal distributions are classified as Ia by Sawyer. Other clus- 
ters, such as w Cen and M15, have bimodal distributions of log period. 
These distributions are classified as Ib (a small secondary maximum) and 
IL (two comparable maxima). The different frequency curves are shown in 
Figure 80 for three particular clusters. For comparison Figure 81 shows 
the distribution of the galactic cepheids near the Sun and in the nucleus of 
the Galaxy (no cepheids are observed at the very center because of 
extremely high absorption by dark clouds). 


NGC 6347 
fa 


KO 
Sun's neighbor- 
hood (1 kpc), 
Ld 200 galactic field 
N 
Tl 
NW Galactic 
N 2 nucleus 
“G8 -Q¢ -@4% -O2 \gP 4 “10 -0@ -Q6 ~04 -Q2\yP 
FIGURE 80 FIGURE 81 


We see that the frequency curve of the nucleus cepheids is clearly of 
type Ia, and that of the galactic field cepheids is of type Ib, although the 
two maxima are somewhat displaced. These data, as well as many other 
interesting facts, will be found in the recent monograph by C. Payne — 
Gaposchkin. The frequency maxima correspond to the following values of 
lg P: —0.25 (Ia), -0.28 and —0.58 (group Ib), —0.21 and ~—0.54 (group II), 
-0.27 and —0.47 (the galactic field), and —0.50 (the galactic nucleus). 
Some frequency data for a number of globular clusters of different types 
are given in Table 19. 

Hertzsprung's relation for the shapes of the light curves of RR Lyrae 
stars in globular clusters is approximately the same as for the free 
(unbound) galactic cepheids. 
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TABLE 19 
i=] 
2 

> E 3 
Period corresponding to maximum | “3 r= 2B 
rs] o eee | 
frequency a YQ 9 
| o os 
Oo <E 
8 —7™".3 

9 = 
8 — 7.8 

9.5 _ 
9 — 8.5 
: 8 — 8.2 

0 9 — 
0 9 — 8.0 
QO. _ — 66 
0. 8 — 5.3 

0. 8 F6 — 
0 9 FB, A2n — 7.8 
0 8 _ —10.0 
0 8 FO, dFO — 8.3 

In the globular cluster w Cen the mean skewness is e = oe = 0.47 for 


type c stars and 0.12 for type a stars. In the galactic field, these values 
are 0.455 and 0.22, respectively. The variables in the galactic nucleus 
have skewed curves and thus do not belong to type c. Notethat M. Schwarz- 
schild showed in 1940 that type c stars in the globular cluster M3 are bluer 
than the type a stars in the same cluster. 

The star with the shortest period in » Cen is N65 (p= o*.0627); its light 
curve, like the light curves of all other stars with exceedingly short 
periods in globular clusters, is symmetric, i.e., of typec. RR Lyrae 
stars with longer periods have a high skewness (type a), which, however, 
diminishes again at still longer periods (type 4). The boundaries between 
typesa,b, and c differ from cluster to cluster together with the frequency 
characteristics, the cepheid count, the magnitude—color diagram, and 
other properties. The division of cluster variables into types a,b, and cis 
much more pronounced than for the galactic cepheids. 

The spectra of RR Lyrae stars in globular clusters are apparently 
similar on the whole to the spectra cf free galactic stars. This is evident 
from Table 20 (A. Joy's data for galactic cepheids) borrowed from Payne — 
Gaposchkin's book. We see that estimates based on hydrogen lines, 
metallic lines, and H and K lines give different results. 


TABLE 20 


Spectrum from hydrogen! Spectrum from metallic Spectrum from 


H and K lines 


Period 
maximum | minimum {| maximum | minlmum maximum | minimum 
04,20—04,39 AT.5 
0 .40—0 .59 F 0.0 
0 .60—0 .80 
Average 
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The RR Lyrae stars in globular clusters are much too weak to permit 
taking their spectrograms, and their color is thus the only source of our 
information on spectra. The globular clusters also contain Population 
long-period cepheids, which are brighter and thus could be studied 
spectroscopically (Joy, 1949). Joy divided all the "pulsating" cluster 
variables into 4 groups: the shortest period group of the long-period 
cepheids, P < 5%, W Vir stars with 134¢<P<19'%, RV Tau stars with 
251< P< 90‘, and semiregular variables with 654<P< 106%. The averaged 
data are listed in Table 21 (27 stars). 


TABLE 21 


Spectrum Absolute Number 
Period Average 3 Average . 
(days) petiod F amplitude ee teas photographic of stars 
y a Sp P magnitude * N 


AT,2—F2,5 
FT.2—G2.2 
F5,2—G4.0 
G2.0—G6.2 


Short-period 
W Vir 

RV Tau 
Semiregular 


13—19 
25—90 


* In relation to RR Lyrae stars in the same cluster. 


Population If long-period cepheids in globular clusters are different from 
the Population I long-period cepheids of the disk subsystem. They are 
reminiscent of W Vir stars, i.e., long-period cepheids of the halo compo- 
nent. Their spectra (7 out of 10), like those of galactic W Vir stars, show 
bright hydrogen lines on the ascending branch of the light curve. 

The curves of long-period cluster cepheids do not follow the Hertzsprung — 
Ludendorff relation (more than 50 such stars with P >1% are known at 
present), i.e., the shape of their curve is not a function of the period. The 
number ratio of these stars to RR Lyrae stars in globular clusters is 
higher than in the Galaxy. Their spectra are earlier than the spectra of 
galactic cepheids of the same period, especially at the minimum, and the 
G band (CH) is not observed. Bright lines in galactic stars of this type are 
observed in the spectra of W Vir (174.27), RX Lib (247.95), MZ Cyg 
(274.17), V377 Sgr (164.17), AA Ser (177.16), and others. Their light curves 
are similar to the light curves of long-period cepheids in globular clusters. 
The luminosity of the cluster cepheids can be accurately determined in 
relation to that of the short-period cepheids of the same cluster. As lg P 
varies from 0.0 to 2.0, their luminosity relative to RR Lyrae stars varies 
from 0”.0 to ~3".0 or even —4”.0. W Vir stars thus obviously follow the 
period—luminosity relation, which is probably the same as that for RR 
Lyrae stars. It is moreover a single-valued relation, and not a triple- 
valued sequence as suggested by Arp in 1955 (see above). Their luminosity, 
however, is weaker by 0".5 (Mel'nikov) or by 1”.5 (Baade) than the 
luminosity of the long-period cepheids of the disk component. 

Numerous Population II cepheids with P>15* have double periods (Arp, 
1955) with marked variation of even and odd epochs. They, like W Vir, 
have broad light maxima. The light curves are not as skewed as the curves 
of Population I cepheids. They are sometimes 'bimodal," as for one of 
the stars in M12. Population II stars in globular clusters will suddenly flare 


214 


§46. GENERAL CHARACTERISTICS OF THE CEPHEID POPULATION 


up (e.g., stars with P= 54.1 in M13) during 5 hours. This phenomenon was 
first observed for the galactic cepheids by Hogg in 1929 and then by 
Bernheimer for 7 Aql (1931). The 
light curves of Population I cepheids 
in globular clusters show a delay in 
the long-wave spectral region. Here 
the delay between A= 4250A and 

A= 55004, according to Arp, is 
greater than that for Population I 
long-period cepheids (6 Cep and 
nAql, 0%.05) between 3530 and 
10,3004. Some authors are of the 
opinion that a gradual transition is 
observed from W Vir stars to RV 

o a4 aE 12 CIP-V) Tau stars. Many others, however, 
disagree on this point. 

Figure 82 gives the color — 
luminosity and the spectrum — 
luminosity diagrams for Population 
II cepheids (the halo component) in 
globular clusters and for Popula- 
tion I cepheids (the disk component), 
O-Type Il according to Arp's latest data (1955). 
*-Type I b) CEPHEIDS IN MAGELLANIC CLOUDS. 
These irregular star systems, 
joined to one another and possibly to 

A F & K Sp the Galaxy by diffuse clouds of 
FIGURE 82 matter (radio observations), contain 

up to 1000 variables of various 

types each. Most of these variables 
are long-period cepheids. However, weaker and therefore less accessible 
short-period cepheids were also photographed in 1952—1953 by Thackeray 
at the Radcliffe Observatory, first in globular clusters associated with the 
Small Cloud (NGC 121), and then in the Large Magellanic Cloud (NGC 1466 
and NGC 1978). These are halo-component stars, but the Small Magellanic 
Cloud also contains short-period cepheids with periods of 0.647, 0.747, 
and 04.913 (Dartayet and Dessy, 1952), which are apparently stars of the 
disk component, since they are 1.6 brighter than the corresponding normal 
RR Lyrae stars. The normal RR Lyrae stars number 3, 21, and 2 in 
NGC 121, NGC 1466, and NGC 1978, respectively. A frequency curve of 
the cepheid periods in the Small and Large Magellanic Clouds and in the 
Galaxy is shown in Figure 83. We see that the curves are entirely different. 
The small Magellanic Cloud has an excess of long-period cepheids with 
shorter periods compared to the cepheids of the Large Magellanic Cloud. 
The frequency curves of the two Clouds (maxima at 24.5 and 34.8 for the 
Small and the Large Magellanic Clouds, respectively) are different from 
the galactic curve (maximum at 4%.2); they further change when moving 
from the center of the Cloud to the periphery (the curves shift in the short- 
period direction). The light curves of the long-period cepheids in 
Magellanic Clouds are on the whole similar to the light curves of the 
galactic cepheids and they are mainly classified as Population I, i.e., stars 
of the disk component, or Population Ll, i.e., stars of the halo components. 


215 


Ch, VII, CEPHEIDS 


The periods of the long-period cepheids in the Magellanic Clouds range 
from sli,:htly longer than 1° to 1187.64, whereas the longest known period 
in the Galaxy is only 454.1 (SV Vul). That these are cepheids is evident 
from their exceedingly high luminosity. 
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No spectra of cepheids in the Magellanic Clouds have been obtained due 
to the extreme faintness of the stars and the absence in the Southern 
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Hemisphere of telescopes comparable 
with the 200-in Palomar reflector. 
The colors of the cepheids in the 
Magellanic Clouds were studied by a 
long line of astronomers. Highly 
interesting results were obtained in 
1959 by Kron and Svolopoulos, who 
used six-color photometry. They 
showed (Figure 84) that on the P—V 
vs. lg P diagram the points corre- 
sponding to the cepheids in the Small 
Magellanic Cloud (light circles) lie 
below the corresponding dark circles 
of the galactic cepheids at the 
maximum and the minimum (9 and 
25 stars, respectively). This signi- 
fies that the cepheids in the Small 
Magellanic Clouds are much bluer 
than the galactic cepheids. The 
colors of the cepheids in the Small 
Magellanic Cloud were corrected for 
interstellar absorption (07.09). The 
only exception to this rule are 


Eggen's type C galactic cepheids — AL Vir and Y Oph. The difference in 
color for the cepheids in the Galaxy and in the Small Magellanic Cloud is 
not the same at the maximum and the minimum. Hence the conclusion that 
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this difference cannot be attributed to improper correction for the selective 
interstellar absorption. Even the most extreme assumptions are incapable 
of accounting for the observed difference in color, contrary to the belief 

of numerous older astrophysicists. The cepheids in the Small Magellanic 
Cloud are thus significantly bluer than the long-period cepheids in the 
Galaxy, which is apparently due to differences of age. 

c) CEPHEIDS IN EXTRAGALACTIC NEBULAE, No short-period cepheids have been 
discovered so far in other spiral galaxies because of their extreme faintness. 
They were found, however,in low-luminosity elliptic systems in Sculptor 
(type a and ¢ RR Lyrae stars). Their periods are the same as in M3, but 
the frequency curve is different from that of the cepheids in w Cen. 

Long-period cepheids of the disk component (Population I) were disco- 
vered in great numbers in such spiral galaxies as M31, M33, M81, and 
others, since they are of much higher luminosity than their short -period 
counterparts. In Andromeda Nebula (M31) up to 38 Population I cepheids 
were observed. in Triangulum (M33) up to 50 variables were discovered, 
mainly also long-period cepheids. The periods of the cepheids in these and 
similar systems range from a few days to values much longer than the 
periods of the cepheids in the Magellanic Clouds (1184.64). M31 contains 
a star with P= 1754(m= 17".9 at the maximum). The long-period cepheids 
in spiral nebulae follow the period— luminosity relation. 

The light curves of cepheids in spiral nebulae are not unlike the light 
curves of the Population I galactic cepheids (the disk component). Numerical 
comparison shows that the long-period cepheids in M31 and in galactic 
globular clusters belong to different period—luminosity relations (specifi- 
cally, the disk and the halo components, Populations I and I). 

ll. Frequency distribution of the cepheids of the large 
sequence. £ CMa stars, RR Lyr stars, long-period cepheids, W Vir 
stars, RV Tau and SX Her semiregular variables, red semiregular 
variables, and long-period variables are often referred to as "pulsating 
variables" (Payne-Gaposchkin and others). The frequency curve of their 
periods is schematically shown in Figure 85 (after Payne—Gaposchkin). 

To avoid selection associated with the effect of the absolute magnitude, all 
the figures were reduced to a common volume in the Galaxy. The effect of 
this correction is evident from the following. The maximum of the galactic 
cepheids corresponds to lg P= 0.72; after reduction to a common volume 
it shifts to lg P= 0.64. This is so because RR Lyrae stars have lower 
absolute luminosities than the long-period cepheids, and their relative 
number is therefore smaller. 
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Frequency and distribution studies must always take into consideration 
other distorting effects, e.g., detection probability, etc. Unfortunately, 
the corresponding reductions are not always introduced with adequate 
accuracy and certainty. 
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V.G. GORBATSKII 
Chapter VIII 


LONG-PERIOD, SEMIREGULAR, AND IRREGULAR 
HIGH-LUMINOSITY VARIABLES 


§47. Long-period variables. Long~period variables were the first among 
variable stars to attract the attention of astronomers. This is under- 
standable, since the large light-variation amplitudes make their detection 
a comparatively simple undertaking. Some 3700 long-period variables had 
been discovered by 1959. They account for 25% of all the listed variables. 

A variable star is classified as a long-period variable if it satisfies 
the following conditions: 

a) the light variation period is over 70 days; 

b) the spectrum shows bright hydrogen lines near the maximum. 

The period of the long-period variables is not constant: it fluctuates 
about the mean value (with deviations reaching up to 10% of the mean). The 
longest known period is 1379 days, whereas most of the periods lie between 
200 and 400 days. 

The absorption spectra of the long-period variables fall into three 
groups: 

1. Me stars, whose spectra show strong TiO absorption bands. 

2. Re and Ne stars, whose spectra show molecular absorption bands of 
C2, CN, and CH; Re and Ne stars recently have been combined into a 
single spectral type, Ce. 

3. Se stars, with strong ZrO absorption bands. 

About 90% of all the known long-period variables are Me stars. The 
light variation amplitudes and the shape of the light curves for Me and Se 
stars arenot markedly different. The light variation amplitudes of Ce 
stars are somewhat smaller than those of Me stars. The spectroscopic 
characteristics, and in particular the relative intensities of the bright 
lines, however, are different in the spectra of Me, Se, and Ce stars. The 
main features of the long-period variables of each type are considered in 
what follows. 

Light curves are a highly important tool in the study of long-period 
variables, and of any other group of variables for that matter. Figure 86 
is a specimen light curve of the variable X Cam; the shape clearly changes 
from one cycle to the next. 
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Similar changes in the shape of the light curve are observed almost for 
all the long-period variables. Since the shape of the curve is variable and 
the period also changes, we are generally dealing with average light curves 
of these stars. Figure 87 shows the average light curves of S UMa (a) with 
P= 225 days and x Cyg (b) with P= 407 days. 
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Despite the great number of statistical studies of the average light 
curves and their classification, the physical meaning of the principal 
features of these curves remains still unknown, 
although it is clear that many of these features 


TABLE 1 are closely related to the actual variation 
2 | = | mechanism. These include the increasing 
skewness of the light curve with the increase of 

g1—150| 3.1 12 the period (the rise branch becomes steeper than 
151-210} 3.9 39 the descending branch) and the presence of a 
aia. a = hump on the rise branch for almost all stars with 
344-390 | 5.0 48 periods exceeding 400 days. The dependence 
391—450 | 5.2 29 pe : 
451-570 | 5.2 1 between the mean variation amplitude and the 


average period is also of some interest. This 

dependence is shown in Table 1, which lists the 

average amplitudes A for groups of stars with 
different periods P (nis the number of stars in each group). Figure 88 
is the plot of these data. 

Alongside with light curves in the visual light, there are light curves 
in other spectral regions. The difference between the light curves in 
photographic and visual light is not large, and the photographic amplitudes 
are close to the visual. On the other hand, the light variation of the long- 
period variables in the infrared is much less pronounced than in the visual 
spectrum /2/. The mean amplitude at effective wavelength 4 = 8500 A is 
half the mean visual amplitude (27.4). At Aeg = 9500 A, the light variation 
amplitude of the three stars was found to be a mere 1.4. 

The brightest long-period variables were also studied with radiometers. 
The "radiometric magnitude" curves were plotted for 11 stars /3/, and the 
"radiometric amplitude" of these stars was found to be about 1”. 

As we know, a radiometer responds to the total radiation transmitted 
by the Earth's atmosphere, i.e., the integrated light of the star, except its 
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ultraviolet radiation and radiation in parts of the infrared region. The 
likeness of "radiometric" and infrared amplitdes indicates that the bulk of 
the stellar energy reaching the Earth is radiated in the far infrared 

(1 0,000—15,000A ). This is not an unexpected conclusion, since the red 
color of the long-period variables immediately suggests that their intensity 
peak lies in the infrared region. 

Since the energy radiated by a star in the visual spectrum is only a 
minor fraction of the total radiation of long-period variables, the visual 
magnitude of the star may change considerably even though the total 
radiation fluctuates between small limits. The visual amplitudes calculated 
from the measured radiometric amplitudes assuming a Planck law radiation 
were indeed found to be much greater than the radiometric amplitudes, but 
still smaller (by about 2") than the observed visual amplitudes. 

Some astronomers, in particular Merrill /5/, are of the opinion that the 
divergence between the calculated and the observed visual amplitudes is 

associated with the decrease in the trans- 
parency of the stellar atmosphere in the 
Muis, visual spectrum as it cools down. Some 

re) attripute the increasing opacity to absorption 

6 by TiO molecules, whereas others suggest 

A that the radiation is absorbed in clouds of 

a solid or liquid particles. These factors 

2 should cause additional redistribution of the 


radiation energy between the different 

Trad spectral regions, definitely reducing the 

a6 intensity in the visual spectrum. So far, 

a8 these assumptions are only working hypo- 
oe theses, since there are neither theoretical 
14 nor observational findings to support 

16 them. 

18 The variation curves of the visual and the 


radiometric magnitude (average for 11 stars) 
shown in Figure 89 differ in shape, as well 
as in amplitude. The radiometric peak 
markedly lags behind the visual peak. 

The radiometric magnitudes were used to 
calculate the bolometric magnitudes of the 
stars and the corresponding light curves were plotted assuming negligible 
radiation in the far ultraviolet. The bolometric curves, as was expected, 
are very much like the radiometric curves. 

To judge from the average light curves of long-period variables, their 
magnitude varies slowly and monotonically. In some cases, however, 
discontinuous jumps were observed. For instance, the rise branch of 
UX Cyg in one of the cycles showed a drop of 1".4 in 12 minutes; examina- 
tion of old photographs confirmed the previous occurrence of this effect /4/. 
A marked increase in brightness — sixfold in two days — was observed on 
the rise branch of R Vir in one of the cycles. 

We do not know whether or not most stars of this type are characterized 
by such rapid changes of magnitude. These jumps apparently occur mostly 
near the minimum or on the rise branch (the change in radiation required 
to produce a change of 1— 2 magnitudes near the minimum would pass 
almost unnoticed near the maximum), In these phases the stars are weak 
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and are not generally covered by amateur observers. Photoelectric 
Ineasurements of these stars at and near the minimum will provide a 
wealth of valuable information on light variation of the long-period variables. 

We will now proceed with a discussion of the spectra of long-period 
variables. We will only concentrate on the basic facts, since the 
observational data are most extensive. A comparatively comprehensive 
description of the spectra of long-period variables willbe found in Merrill's 
monograph /5/ published in 1940, and in a number of later studies on the 
spectra of individual long-period variables. 

Spectrophotometry of the continuous spectrum of long-period variables 
and especially of Me stars involves considerable difficulties because of the 
large number of absorption lines and molecular absorption bands in the 
visible spectrum (a’ 4600—6500 A). No exact determinations of the color 
temperature of long-period variables are therefore available, but judging 
from the red color of these stars, it should range around 2500— 3000. 
The long-period variables grow redder along the descending branch, and 
the molecular absorption bands become stronger. In terms of TiO 
absorption bands at the minimum, the long-period variables can be 
classified as M5e to MQe. 

Observations show that the intensity of absorption bands of a given star 
averaged over the period (and hence the mean spectral subtype of the star) 
depends on the length of the period: the longer the period the higher is the 
(average) intensity of the absorption bands. This dependence possibly 
accounts for the previously mentioned relation of the light variation ampli- 
tude to the period. Indeed, if the luminosity of two stars of different 
subtypes is decreased by the same amount, the intensity of the absorption 
bands will increase to a greater extent in the star of the later subtype; 
therefore if the observed light variation is partly attributed to variation of 
absorption in the molecular bands, the star of the later subtype should 
reveal a larger light variation amplitude. 

The continuous spectrum of Se long-period variables has a most 
remarkable property: the continuum intensity shortward of 4 4600 A falls 
off very rapidly, and for 4< 4000 A it is vanishingly small. No such 
effect is observed in the spectra of Me stars, and their relative continuum 
intensity between a 4200 A and 1 4000 A (largely free from TiO absorption 
bands) is comparatively high; it even increases at the minimum. A 
similar effect of a rapid reduction in the continuum intensity of normal N 
stars has been recently explained by absorption of radiation in molecul¢r 
carbon compounds (C3, CH). It seems that the atmospheres of Se stars 
contain some other, hitherto unknown, absorption mechanism, which is 
particularly effective at 1< 4000 A. 

The absorption spectrum of long-period variables, besides molecular 
bands, contains a large number of absorption lines, mainly of neutral 
and partly ionized metals. Iron lines are particularly numerous. The 
absorption line spectrum reaches its peak development just before the 
maximum, when it is essentially similar to the absorption spectrum of 
normal red giants of the corresponding spectral subtype. 

In the postmaximum phase, some of the absorption lines corresponding 
to lower excitation potentials are enhanced and the spectrum is that 
of a later subtype. This points to a reduction in the degree of excitation 
in the layer where the absorption lines originate. The degree of ionization 
therefore also decreases. For example, the equivalent width of the 
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24227 A Cal line in the spectrum of o Cet is more than tripled between 
the maximum and the minimum, whereas the equivalent widths of the H and 
K lines of ionized calcium Call are reduced to one third during the same 
period. 

Other absorption lines, in particular some FelI lines, grow weaker along 
the descending branch of the light curve, and are eventually replaced by 
bright lines, which constitute the most prominent feature in the spectra of 
long-period variables between the maximum and the minimum. These 
bright lines reach peak intensity long before the minimum of the light curve, 
and subsequently their intensity rapidly diminishes, so that only the 
strongest remain visible at the minimum, e.g., 44 4202 and 4308 A Fel 
lines and the 4 4571 A Mglline. After the minimum, these lines also 
disappear. 

Approximately half-way between the minimum and the maximum on the 
rise branch, the spectra of long-period variables again develop bright lines, 
but now these are emission lines of hydrogen and ionized atomic iron. They 
reach peak intensity at the maximum, and then gradually grow weaker and 
disappear near the minimum. High-dispersion spectrograms show that 
at least some of the long-period 
variables show bright H and Fell 
lines at the minimum also. 

Some time after the maximum, 
the spectra of numerous long- 
period variables show bright 
[Fell] lines. They grow stronger 
and just before disappearing their 
intensity is greater than that of the 
290 0 W 80 120 160 200 20 Sheree ee nee: 

Days (after max) Bright hydrogen lines are 
initially fairly wide (0.5—1.0 4). 
Subsequently they grow narrower. 
Some of these lines appear com- 
posed of several components. 

The shift of the bright H and Fell lines is a function of the phase. The 
corresponding curve for o Cet is shown in Figure 90. The largest violet 
shift is observed at the maximum. The shift of the bright lines decreases 
toward the minimum. 

The shift of the absorption lines does not follow such a regular curve, 
and in general the shift amplitudes are smaller than those of the bright 
lines. The difference in the shifts of the various absorption lines at any 
given time often exceeds the shift amplitude of individual lines. 

The observed Balmer decrement in the spectra of long-period Me 
variable stars is markedly different from the Balmer decrement of other 
objects with bright spectral lines. Whereas in the spectra of novae, Be 
stars, and so on, the Hzline is the strongest in the Balmer series, each 
successive line showing a lower intensity, the spectra of long-period Me 
variables show no H, emission altogether, and it is H, that remains the 
strongest up to the maximum. In the postmaximum stage, Hy, dominates, 
whereas Hgis invariably weaker than either H, or H, Similar anomalies 
are observed in the intensities of some other Balmer lines. 

The Balmer decrement in the spectra of long-period variables of types 
Se and Ce is on the whole similar to that in Be stars and other stars with 
bright spectral lines. 
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The Balmer decrement anomaly in the spectra of Me long-period 
variables was explained by Shain /6/, who attributed the anomaly to 
differences in the screening of Balmer line radiation by TiO molecules. 
The effect of TiO absorption is particularly pronounced in the region of the 
spectrum where Hz and Hg lines are situated, whereas the spectral region 
containing theH, ana higher lines of the Balmer series is comparatively free 
from TiO absorption. Later Shain established that the anomalies in the 
intensities of the bright Fell lines (in particular, the unusual distribution of 
intensity between the components of the Aa 4233, 4179, 4173 triplet) were 
due to partial absorption of the radiation at these wavelengths by Fel and 
Calatoms /7/. These atoms thus occur in atmospheric layers which lie 
above the layers where the bright lines originate. Joy /8/ also found that 
the splitting of some bright hydrogen lines into components was due to 
superposition of metallic absorption lines onto the bright lines. 

The H and Fell bright lines are veiled particularly effectively right after 
their appearance in the spectrum (before the maximum). As the spectrum 
develops, the absorption of radiation in these lines by molecular and 
atomic metals diminishes. Half-way down the descending branch, this 
effect becomes insignificant. Soon before the minimum, the H and Fell 
bright lines are themselves superimposed on molecular absorption bands 
/9/. The anomalously low intensity of H, and the total absence of H, are 
apparently associated with the absorption of this radiation by atomic 
hydrogen (in the second state) in the outer atmospheric layers, since 
according to Shain /7/ the continuum near Hz definitely shows in the 
spectrum. 

The variation of the Balmer gradient in Se and Ce long-period variables 
has not been studied, and it can be compared with the Balmer gradient in 
the spectra of Me stars only at epochs near the maximum. At this phase 
the Balmer decrement in the spectra of Me long-period variables, corrected 
for molecular absorption bands, is similar to that in the spectra of Se and 
Ce stars and other objects with bright spectral lines. The bright lines in 
the spectra of Be stars, Wolf-Rayet stars, and planetary nebulae are the 
result of degradation of high-frequency stellar radiation into radiation of 
lower frequencies. This mechanism, however, cannot explain the origin 
of the bright lines in the spectra of long-period variables, as their 
temperature is too low (judging from their color and absorption spectrum). 
Shain appropriately advanced a hypothesis suggesting an excess of short- 
wave radiation in long-period variables /10/. This hypothesis, however, 
has not been confirmed so far. 

A different explanation of the discrepancy between the low-temperature 
absorption spectrum and the bright spectral lines was offered by Sobolev, 
who described the long-period variables as hot giants surrounded by an 
envelope of high optical thickness in the visible spectrum (r> 1) /11/. 
Bright lines originate in the interior of this envelope, where the hydrogen 
is ionized by the radiation from the star, whereas the outer layers, which 
do not receive any high-frequency radiation, produce the low-temperature 
absorption spectrum. The intensity of the bright lines in the spectrum of a 
hot star surrounded by a dense envelope and the color temperature calculated 
from the theory of moving stellar envelopes show a good fit with observa- 
tions near the maximum of the light curve. 
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The existence of envelopes around long-period variables is supported 
by observational findings. Various facts suggest that long-period variables 
eject stellar matter /10/. One of these indicators is the large K effect, 
measured from the shift of the bright lines at the maximum; the K term is 
about 15km/sec., On the other hand, the A term determined from the shift 
of the absorption lines at the same epoch is nearly zero. Hence it follows 
that the shift of the absorption lines at the maximum approximately 
corresponds to the line-of-sight velocity of the star, so that the velocity 
of the layers where these lines originate relative to the star is small. 
Deeper lying atmospheric layers, however, where the bright lines 
originate, move away from the star, i.e., stellar matter is ejected which 
builds up a moving envelope. The ejected matter is apparently decelerated, 
and the envelopes show a radial velocity gradient. 

The envelopes of long-period variables are nonstationary. This is 
evident from the radical changes in the spectrum of these stars along 
the descending branch. As we have noted above, the outer layers of the 
envelope grow more transparent, but the absolute intensity of the hydrogen 
emission lines decreases; the main contribution to the low-termperature 
absorption spectrum now comes from the interior parts of the envelope. 
Therefore, the parts of the envelope which contained ionized hydrogen in 
the premaximum phase contain ground-state hydrogen at the minimum. 

The envelope is thus de-excited: it radiates all the stored energy, without 
receiving any new energy. The source of ionization apparently ceases to 
operate near the maximum. * 

Let us briefly consider the effects associated with the de-excitation of the 
envelope and the corresponding interpretation of the spectra of long-period 
variables in the postmaximum epoch /12/ 

Before and during de-excitation, the interior parts of the envelope emit 
high-intensity radiation, in particular in the Lyman lines. Reaching the 
outer layers of the envelope, this radiation ionizes metals and lowers the 
absorbance of these layers; the veiling of H and Fell lines is reduced, 
while the absorption lines of metals disappear. Recombinations of neutral 
metal atoms produce bright Fel, MgI, and other lines. 

When the de-excitation of the envelope in hydrogen lines is completed 
and a smaller amount of metal ionizing radiation reaches the outer layers, 
the de-excitation of the latter begins in neutral metal lines. The intensity 
of these lines decreases, and at the minimum (or soon after) they 
disappear. The de-excitation time of the atmosphere in the lines of some 
element (t,) is given by 


1 
Ly S Gao (1) 


where C is the recombination coefficient, and nis the number of free 
electrons in 1cm? (equal to the total number of metal atoms). The 
envelopes of long-period variables contain 10°—10’ metal atoms in 1cm’. 
Therefore C = 10°%—10°“, and we find t, of the order of 100days, whichin 
fact corresponds the observed lifetime of the bright metallic lines. The 
recombination coefficients of different metals are different, and the bright 
lines therefore do not disappear all at once. 


* Recently the motion of the layer responsible for the Balmer line emission and the fonization of 


hydrogen in this layerhave been explained /35/ by the action of a shock wave propagating outward through 
the shell. (Note added in proof.) 
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As the de-excitation of the ionized hydrogen layer advances, the absolute 
intensities of the FeII and [FelII] lines originating in the same layer 
decrease. The emission in these lines is mainly excited by collisions with 
free electrons. The increase in the relative intensity of forbidden lines is 
associated with the decrease in the free electron density (n,) in the de- 
excitation layer. This can be seen from the intensity ratio of the atomic 
lines. For simplicity, assume that the atom only has three energy levels 
(the transition between the first, ground level and the second level is 
forbidden ), 

If the medium is transparent to line radiation, the ratio of the intensity 
of the allowed line /,, to the intensity of the forbidden line J,, is given by 
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where a,, is the "deactivation coefficient" of excited atoms in state 2, A,,is 
the Einstein coefficient of the 21 spontaneous transition, v,, and v,, are 
the line frequencies, and 7, is the electron temperature. Since 2 ~n, a 
2) 
decrease inn, involves a decrease in the ratio ie, 
a 


The known values of a,, and A,, for Fe II atoms and the observed relative 
intensities of the forbidden lines in the spectrum of o Cet show that the 
n, in the de-excitation layer varies from 10” near the maximum to 10’ at 
the minimum. 

The nonstationary effects in the atmospheres of long~period variables 
should be closely related to the light variation of these stars. The light 
variation of long-period variables has not been satisfactorily explained to 
this day. Some authors tried to apply the pulsation theory to these stars 
(Scott /13/, Zhevakin /14/). However, the principal spectroscopic 
features of long-period variables do not fit in the framework of the 
pulsation hypothesis, which at least in its usual form is found to be incon- 
sistent for these stars. The sudden jumps in the magnitude of the long- 
period variables, mentioned in the preceding, are in outright contradiction 
with the pulsation theory. 

The theory of stellar variation cannot be limited to consideration of 
atmospheric processes: it should also cover various aspects associated 

with the interior stellar structure. A satis- 
factory theory of light variation is therefore 
TABLE 2 considerably more complex than a simple 


Period interpretation of effects taking place in the 
in days n V, km/sec out 
ermost layers of the atmosphere, where 

ae a 129-408 the line spectrum is formed. The spectro- 
<150 and 1 scopy of long-period variables seems to 

200-— 299 = on indicate that ejecti f stell 

300349 75 1448 indicate that ejection of stellar matter plays 
>349 79 743 an important role in light variation and 


spectrum variation processes of these stars. 
In conclusion of this section let us consider 
the motion of long-period variables and their 
absolute magnitudes. A study of the motions of long-period variables 
/15,16/ has revealed a statistical correlation between the group velocity 
and the period. Table 2 lists the group velocity relative to the Sun (V) for 
stars with various periods P (n is the number of stars). 
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The differences in the kinematic properties of various groups of long- 
period variables points to a definte inhomogeneity of the entire population. 
Kukarkin /17/ studied the distribution of long-period variables in space and 
came to the conclusion that the subsystem of these stars on the whole 
occupies an intermediate position between the halo component (e.g., the 
system of RR Lyrae stars) and the disk component (e.g., the subsystem of 
long-period cepheids) of our Galaxy. 

The determination of the absolute magnitudes of long-period variables 
from their proper motions reveals that large light-variation periods 
correspond to small visual absolute magnitudes (/,) at the maximum. 
Table 3 lists the values of #4, for various periods /15/. 


According to other data /18/, the average absolute magnitude of stars 
with periods over 300 days is substantially higher, being on the average 
-1".8. Absolute magnitudes of the same order (M,= -0".5) are obtained 
for long-period variables with known trigonometric parallaxes /15/. 
Hence, these stars should definitely be regarded as giants or supergiants. 

The determination of the bolometric luminosity of long-period 
variables from their visual absolute magnitudes involves considerable 
difficulties at present, since the application of usual bolometric corrections 
is highly doubtful in this case. Nevertheless, it seems that the bolometric 
luminosity of long-period variables is exceedingly high and probably 
corresponds to the luminosities of early-type supergiants (O and B). 

§48. Semiregular variables — RV Tauri stars. A distinctive feature of 
RV Tauri stars is the alternation of deep and shallow minima on the light 
curve (Figure 91 shows the light curves of three stars of this type: 

V Vul (a), U Mon (b), and R Sct (c)). Sometimes these minima interchange 
their positions. This light curve is preserved most of the time, and the 
deviations from the usual shape are not durable. If the star shows an 
alternation of deep and shallow minima, but the irregularities in its light 
curve are longer and more prominent, the star is not classified as a 

RV Tauri star: itis generally regarded as a semiregular variable of some 
other type, in particular a yellow semiregular variable (see §49). 

Since the classification of variable stars is often based on a compara-~- 
tively short section of the light curve, many stars without the charac- 
teristic light curves and spectra of RV Tau stars have been erroneously 
classified as such. Only a few dozen stars are definitely known to be 
RV Tau stars. The brightest of these stars is R Sct (6".1—87.6), and 
RV Tau itself is the fourth brightest star (9".8—13".3), The light variation 
amplitudes of other stars of this type are of the same orderor somewhat 
less (0.8 <A< 37.5). 

The time interval between two successive minima of the light curve is 
called the fundamental period, and the time between two deep 
(primary ) minima is the formal period. The formal periods of 
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RV Tau stars fall between 30 and 150 days. Some stars of this type show 
cyclic fluctuations of the average magnitude. The length of the cycle is 
different for different stars, mostly reaching a few hundred days; there 
are also stars with cycles of up to two thousand days. 
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FIGURE 91 


The average spectrum of RV Tau stars corresponds to spectral types 
F,G, or K /19/. The spectra are variable. The intensities of the spectral 
lines, their shifts and profiles change in phase with the light variation of 
the star. This indicates that the color temperature of the star is a 
function of its phase. 

The earliest spectrum of RV Tau stars is observed in the epoch half 
way along the rise branch of the light curve (after the primary minimum). 
At that time the absorption lines of neutral metals are weak, and the lines 
of ionized metals are enhanced. On the whole, the spectrum of an RV Tau 
spectrum at that time greatly differs from the spectrum of a normal star 
of the same type; some lines in the spectra of RV Tau stars have anomalous 
intensity. As the magnitude increases, the degree of excitation in the 
atmosphere diminishes and the spectrum approaches a "normal" spectrum. 

Right after the primary minimum, the spectra of numerous RV Tau 
stars show bright hydrogen lines, which reach peak intensity before the 
maximum. The hydrogen absorption lines in these epochs are less 
prominent. 

RV Tau stars markedly differ from one another in the intensities of the 
bright hydrogen lines. For instance, the spectrum of R Sct almost 
always shows bright lines, whereas in most stars, AC Her in particular, 
they are observed only on the rise branch. Some stars show no bright 
hydrogen lines altogether. 

Before the primary minimum, the spectra of RV Tau stars often develop 
TiO absorption bands. The spectral type of the star from absorption lines 
at this epoch is GS—K0O. Stars without bright hydrogen lines in their 
spectra show no TiO absorption bands either. The spectra of RV Tau stars 
also show absorption bands of other molecules. For example, the 
spectrum of AC Her contains strong CN and CH bands; the CH bands appear 
a few days after the maximum, when the star is of spectral type F2—F5 
(judging from the absorption lines). 
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We see from the above that the early-type features in the spectra of 
RV Tau stars (bright lines) combined with characteristic features of M and 
N type spectra (TiO, CN, and other absorption bands). A similar situation 
was observed for the long-period variables. Neither the bright lines nor 
the strong molecular absorption bands are typical features of the normal 
F2—K3 subtypes, to which the metal absorption spectrum corresponds. 

The complex spectra of RV Tau stars apparently can be attributed 
only to the unusual atmospheric structure. At this point we should consider 
the highly important data on the atmospheres of RV Tau stars obtained by 
Abt /20/. Until recently, the spectra of RV Tau stars were observed with 
insufficient dispersion and for this reason the absorption line shifts were 
presumably seen to vary periodically with the periodic light variation of the 
star. Since the "radial velocity curve" obtained from these line shifts was 
similar in its shape to a displaced light curve of the star, both the line 
shifts and the light variation of RV Tau stars were generally explained using 
the pulsation theory. However, high-dispersion spectra of U Mon and two 
other stars led Abt to the conclusion that the continuous "radial velocity 
curve''is purely imaginary. Actually, the absorption line shifts vary as 
shown in Figure 92 (the figure gives the light curve and the corresponding 
line shifts for U Mon only). Most of the time the absorption line is made 
up of two components with different shifts. Each of these components forms 
soon after the minimum and disappears after the next minimum. The 
newly formed component occupies the short-wave position, but since its 
shift steadily decreases, it develops into a long-wave component before its 
disappearance. 
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FIGURE 92 


229 


Ch. VII. HIGH-LUMINOSITY VARIABLES 


Thus, for most of the time U Mon and other RV Tau stars have two 
absorbing layer. Both layers are decelerated, but they move with different 
velocities. This fact may be explained by periodic shedding of a gaseous 
envelope, but the exact mechanism of this phenomenon, and the related 
mechanism of light and spectrum variation in RV Tau stars, is still 
unknown. 

The "radial velocity" curves of RV Tau stars are similar to those of 
long-period cepheids and W Vir stars. On the other hand, the presence of 
bright hydrogen lines near the maximum and TiO absorption bands at the 
minima links these spectra with the spectra of long-period variables. 

RV Tau stars thus occupy an intermediate position between W Vir siars 
and long-period variables. Their periods and (as we shall see below) their 
luminosities also occupy an intermediate place. 

We have already observed that RV Tau stars are nonuniform in their 
spectral characteristics. A similar nonuniformity is observed in the 
motions of these stars /21/. RV Tau stars (and the related yellow semi- 
regular variables) fall into two distinct groups in terms of the spatial 
velocity: the first group comprises slow moving stars (with spatial velo- 
cities less than 70km/sec), and the other group includes fast moving stars 
with velocities greater than 70km/sec (sometimes exceeding 200—250 
km/sec). The slow stars differ from the fast moving stars in their spectra, 
specifically in the higher intensity of ionized metal absorption lines and 
CH absorption bands. The spatial distribution is also different for stars 
of these groups. Slow stars show a higher galactic concentration (mean 
galactic latitude 13°) than the fast moving stars, whose mean latitude is 
27°. The average absolute photographic magnitude of RV Tau stars deter- 
mined from the intensity of the interstellar absorption lines and by other 
methods /21/ is —3".0 for slow stars and -1".5 for fast moving stars. 
These magnitudes clearly fall between the average absolute magnitudes of 
the long-period cepheids and those of the long-period variable stars. 

The above facts suggest that RV Tau stars include stars of different 
stellar populations. 

§49. Semiregular and irregular variable stars of other types. RV Tau 
stars, as we have noted, sometimes show irregular variation of brightness. 
There are stars whose light curves are on the whole similar to those of 
RV Tau stars, but the irregularities occur more often and the corresponding 
periods may be substantially longer. These are stars of spectral types 
F,G, or K, and are therefore called yellow semiregular variables. They 
are akin to RV Tau stars in a number of spectral features; in particular, 
the spectra of these stars often show bright hydrogen lines near the maximum. 

For lack of exact criteria differentiating between RV Tau stars and 
yellow semiregular variables, the classification is somewhat arbitrary. 

The alternation of deep and shallow minima is also observed for AF Cyg 
(Figure 93), a variable star of spectral type M, and for some other 
variables of this type. These stars are classified as red semiregular 
variables; they further include a number of other varieties of variable 
stars, such as RS Cnc stars, uw Cep stars, Z Aqr stars, and others. All 
the red semiregular variables are of spectral type M; their brightness 
varies periodically with an amplitude not exceeding 2™ and the length of 
period ranges from a few tens to a few hundreds of days. The light curves 
of red semiregular variables show different degrees of irregularity. Some 
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of these are almost as regular as the long-period variables (Z Aqr, X Mon), 
whereas others have highly irregular light curves. 
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The light curve of some red semiregular variables appears to be a 
superposition of two oscillations. For example, tne light curve of u Cep 
is regarded as an oscillation with a period of a few hundred days of 
amplitude 0.5 on which oscillations with amplitude 0".1 and period of 
some 100 days are superimposed. A similar "dual periodicity" is noted 
for @ Ori and other stars. However, the application of statistical methods 
to a 54-year series of observations of u Cep /22/ has shown that the light 
variation of this star is probably an outcome of a stochastic, and nota 
harmonic, process. The conclusions concerning "dual periodicity" and 
regular light variation of red semiregular variables should therefore be 
considered with some reservation. 

The spectra of red semiregular variables inthe mainare no different from 
the spectra of normal M-type giants and supergiants /23, 24/. Some of 
these stars (e.g., p Cep /24/) may show low-intensity hydrogen emission 
lines on the rise curve. The TiO absorption bands, observed in the spectra 
of all M-type stars, increase in intensity with decreasing brightness of 
uy Cep. During one cycle, the absorption line shifts change by a few km/sec. 

According to Grigoryan /25/, the radiation of u Cep is polarized. The 
degree of polarization varies between 1.0 and 2.3%. No correlation was 
observed between polarization and light variation (in blue light). The 
polarization of the light from p Cep may be indicatory of a nonthermal 
component in the radiation of this star. 

The light curve of semiregular variables may be formally fitted with a 
superposition of two or more cyclic oscillations. Some stars, however, 
show completely irregular light curves. These are the so-called irregular 
variables. Figure 94 is the light curve of one such irregular variable, 
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FIGURE 94 


Almost all irregular variables are stars of spectral type M. They 
apparently constitute a continuation of the sequence of red semiregular 
variables in the direction of increasing irregularity of light variation. 
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All the red semiregular and irregular variables are high-luminosity 
stars /26, 27/. Some of them (about 10%) are supergiants with absolute 
magnitudes between —-4".5 and -2".0. The remaining stars are giants with 
mean absolute magnitude of about —0".9. 

§¢50. Spectroscopic variables. 

a) Be stars. Numerous B-type stars with bright spectral lines (the 
so-called Be stars) show irregular variations of magnitude with an 
amplitude of 0".1—0".2. Larger light variations were noted in isolated 
cases. For example, the brightness of y Cas in 1936 increased by 1.5 
and after that it fluctuated between 0.5—1".0, while decreasing on the whole 
(Figure 95). 
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FIGURE 95 


The luminosities of Be stars are no different from those of normal B 
stars, which, as we known, have exceedingly high luminosity. Thus, in 
accordance with the usual classification, Be stars are high-luminosity 
irregular variables. The processes in the outer layers of these stars 
were more often observed and theoretically studied in greater detail than 
the atmospheric phenomena in other variable stars. 

The main feature in the spectra of Be stars, which distinguishes them 
from the spectra of B stars, is the presence of bright Balmer lines of 
hydrogen and weaker lines of neutral and ionized metals, OJI and CII ions, 
etc. The spectra of early Be stars (BeO— Bel) also show He] and Fe Ill 
lines. The emission line spectrum of Be stars indicates that the bright lines 
are produced by recombinations of ionized atoms to the higher energy 
levels followed by cascade transitions to the lower levels (a situation not 
unlike that leading to the formation of bright lines in the spectra of 
planetary nebulae ). Such processes are possible only in a low-density 
medium. Be stars thus must have an ionized envelope. This conclusion is 
supported by observations of the continuous spectrum of Be stars. 

Barbier and Chalonge with co-workers carried out a detailed comparison 
of the energy distribution in the continuous spectrum of Be stars and normal 
B stars of the same ionization temperature. They showed that on the 
average the spectrophotometric temperature of Be stars is somewhat less 
than the temperature of stars without bright spectral lines /28/. Later 
Tsoi Dyai O /29/ found that this difference between B and Be stars persists 
even if interstellar absorption is corrected for. There are further 
differences in the Balmer discontinuity in the spectra of Be and B stars. 
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In B stars the intensity / on the short-wave side of the Balmer limit (in the 
Balmer continuum) is less than on the long-wave side (in the Paschen 
continuum). The Balmer discontinuity D, defined by 


D= lg ave ’ (3) 
V>Va 

where v, is the frequency of the Balmer limit, is positive for these stars. 

For Be stars, Dis on the average less than for B stars of the same subtype 

/28, 29/. The Balmer discontinuity sometimes becomes negative, i.e., 

near the Balmer limit the radiation in the Balmer continuum is stronger 

than in the Paschen continuum. 

The peculiar features of the Be spectrum can be interpreted as a super- 
position of the spectrum of the envelope on the spectrum of a B-type star. 
The radiation of the envelope in the Balmer continuum is stronger than in 
the Paschen continuum and the D of a star with an envelope is therefore 
less than that of a star without an envelope. Moreover, the energy distri- 
bution in the spectrum of the envelope corresponds to a much lower 
temperature than the electron temperature of the envelope, which in its 
turn generally does not exceed the temperature of the star. The super- 
imposed radiation of the envelope therefore generally lowers the color 
temperature of the star. 

This is the qualitative interpretation of the continuous spectrum of Be 
stars. More detailed discussion of these problems and other aspects of 
the theory of Be stars will be found in the chapter on stellar atmospheres 
(Chapter XV). Note that comparison of theory with observation for a 
number of Be stars made it possible to determine the contribution of the 
envelope to the total radiation of the star, the electron temperature of the 
envelope 7,, and the annual mass ejection of the star /30, 31/. Beyond 
the Balmer series, the radiation of the envelopes accounts for about 0.1 
of the total radiation of the star. 7, is equal to 30,000° for BOe stars and 
10,000—20,000° for Ble—B3e stars. A Be star ejects yearly a mass of 
the order of 10 °—10 ’ solar masses. In 1936—1938, y Cas showed a 
stronger ejection of matter, and at that time its envelope was larger than 
that of other Be stars. 

Envelopes of Be stars are opaque to radiation in hydrogen Balmer lines, 
and the observed intensities and profiles of bright lines are therefore 
explained using the theory of moving envelopes /11, 30/. 

Let us consider the line profiles in the spectra of Be stars. In most 
cases the bright lines appear superimposed on wide and shallow absorption 
lines and are split into two components (Figure 96a). Stars with one- 
component bright lines are also sometimes observed (Figure 96b). The 
width of the bright lines is a few angstrom, whereas the underlying 
absorption lines are substantially wider (sometimes reaching 204). 

The bright lines in the spectra of Be stars are subject to variations. 
Mainly the line profiles change, and the equivalent widths are conserved. 
The relative intensities of the bright line components are generally 
variable. The "central depression" is shifted toward the stronger compo- 
nent. In a number of cases, the equivalent width of the bright lines was 
also known to change. Occasionally it gradually decreases until the bright 
lines disappear altogether. After some time, the lines reappear. No 
regularity was observed in these disappearances and reappearances of 
bright lines. 
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FIGURE 96 


To interpret the line profiles in the spectra of Be stars, we should 
remember that at times when the spectrum shows no bright lines, the stars 
superficially do not differ from normal B-type stars. The wide and shallow 
absorption line profiles in numerous B stars are attributed to the fast spin 
of these stars. Be stars apparently also spin, entraining their envelopes 
at a high velocity. The spin velocity of the envelope at the effective level 
of line emission is of course less than at the surface of the star (because 
of angular momentum conservation in the envelope ), and the width of the 
bright lines is therefore less than the width of absorption lines. 

The envelopes of Be stars are the result of ejection of stellar matter. 
This ejection amounts to steady flow (since the emission features of the 
spectrum are fairly stable) and should produce an extended envelope. These 
considerations are confirmed by the likeness in the theoretical profiles of 
bright lines originating in a spinning and expanding envelope and the line 
profiles observed in the Be spectra /30/. 

The recurrent disappearance of the bright lines from the spectra of 
numerous Be stars can only be attributed to a temporary stop in ejection, 
which is thus not quite steady. The nonstationary character of ejection 
also follows from the variation of the bright line profiles /30/, which do 
not involve any change in the equivalent width. 

When the ejection diminishes, without stopping altogether, the surrounding 
envelope becomes less dense and its transparency increases, whereas if 
ejection is intensified the density of matter in the envelope and the optical 
thickness both increase. If the envelope remains opaque to line radiation, 
the variation of its density hardly affects the energy emitted in the relevant 
lines. To check this point, consider a Balmer line of frequency v»,. The 
energy £&£,, radiated by the extended envelope in this line is given by the 
theory of moving stellar envelopes: 


(4) 


Bay = AtAgghvoy, \ m,Byy72dr, 
v9 


where n,is the number of atoms in a state £in 1 cm’, B,, is the fraction of 
quanta emerging from the envelope due to the velocity gradient, and r, is the 
radius of the star. The other symbols in (4) are conventional. 


Since Ba ~ a we have n, fa, ~a, The degree of excitation, and hence =, 
2. 2 


is not particularly sensitive to the density of the envelope, and therefore 
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changes in ejection intensity leave £,, approximately constant. At the same 
time, the distribution of intensity inside the line (the line profile ), which is 
determined mainly by 2,(r)and the velocity of the envelope (see Chapter XVIJ), 
essentially depends on the rate of ejection of stellar matter. Thus, 
variations in the bright line profiles without changes in the equivalent line 
width are indicatory of changes in the rate of ejection of stellar matter. 

When the envelope density changes (due to the nonsteady~-state ejection 
from the star : the continuum radiation of the envelope is altered. The 
observer always receives the total radiation of the star plus its envelope. 
When the radiation of the envelope changes, the observed brightness of the 
star will also change. 

Let Am be the difference in magnitudes of the star without an envelope 
and a star surrounded by an envelope. The optical thickness of the 
envelope in the visible spectrum is generally much less than unity (after 
all, absorption lines which belong to the reversing layer of the star 
proper are seen without considerable distortion through the envelope). 

Am is therefore given by the simple expression 


Am = 2.5 1g £2 Fem | (5) 
* 


where £, is the energy radiated by the star without the enveloe, E,,,is the 
energy radiated by the envelope at some effective wavelength. (For 
example, if Amis the difference in visual magnitudes, we may take A, = 

= 5550 4). 

Since the envelope emits following recombination of hydrogen atoms, 
we can use the standard expression for the energy radiated by unit volume 
(see Chapter XVI1) and integrating over the entire volume of the envelope 
we get 


hyy 


Een= R(T,)e FTO \ n,n dV, (6) 


where A(T.) is some known function of electron temperature, n, and n‘is the 
number of electrons and protons in 1 cm, respectively. When the rate of 
ejection changes, the density of matter in the envelope, and hence the 
product n,n*, are affected. £.,,therefore changes. If the energy £, radiated 
by the star remains constant, Am and the apparent brightness of the star 
should change correspondingly. In most cases we can hardly expect the 
magnitude of the star itself to vary with time, and the light variation is 
therefore attributable to changes in the luminosity of the envelope, as in 
the case of y Cas /30/. In certain cases, however, the brightness of the 
star itself changes (the decrease in the brightness of Pleione in 1936). 

The mechanism of light variation of Be stars has thus been established 
to first approximation. However, the nature of Be stars, and in particular 
the reasons for the irregular ejection of matter are not clear at this stage. 

b) Magnetic variables —a?CVnstars. a? CVn stars belong to 
spectral type A and are characterized by strong lines of rare earth elements 
in their spectra. Their luminosities are higher than those of main-sequence 
stars of the same type by about 1”. 

Belopol'skii found that the intensities of various lines in the spectrum of 
a? CVn underwent periodic changes. These lines fell into two groups (the 
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Eu Il group and the CrIl group), with the intensity varying in opposite 
directions. The line shifts and line profiles varied together with the line 
intensities. 

Photoelectric observations established light variation of a? CVn stars. 
Thus, in particular, the brightness of e? CVn varies by 0™.05 in yellow 
light and by 0".03 in blue light /32/. The light variation period is equal to 
the period of line intensity variation. 

Babcock established that stars of this type possessed strong magnetic 
fields /33/. The field of a? CVn periodically reverses with an amplitude of 
4000 gauss. 

The variation of line intensities and line shifts in the spectrum of 
HD 125248 (another a? CVn star) is compared in Figure 97 with the variation 
of its magnitude and its magnetic field at the poles. 
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The relationship between spectrum and light variation, on the one 
hand, and the magnetic field variation on the other is obvious. Deutsch 
established a correlation between the widths of the unchanging lines and 
the period of the star /34/. He thus came to the conclusion that a? CVn 
stars were spinning stars observed in or near the equatorial plane. The 
period of spectrum variation is in fact the period of rotation. The 
magnetic and spectrum variations are explained by the assumption that 
the magnetic axis of the star is inclined to the spin axis. The light 
variation, if this assumption is true, can be explained by nonuniform 
brightness of the different surface zones. 
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V. G. GORSATSKII 
Chapter IX 
LOW- AND MEDIUM-LUMINOSITY VARIABLES 


In this chapter we consider variable stars whose luminosity is low at 
all phases of the light curve or at least in the minimum (the novae and 
recurrent novae are dealt with in a separate chapter). Observations of 
these stars are a hgihly complex undertaking because of the low luminosity 
and the generally irregular light variation; without sufficiently sophisticated 
technical equipment, these stars cannot be observed altogether. Our 
information on the spectra of these stars (and often on their light variation 
as well) is therefore highly fragmentary and the number of known stars of 
this type is not large. Nevertheless, the scanty observational findings have 
led to a number of important conclusions concerning the nature of some of 
the low-luminosity variables; thus, Ambartsumyan has shown /1/ that 
T Tau stars cannot be older than a few million years; he has also established 
the partly nonthermal origin of the radiation of T Tau, UV Cet, and some 
other variables. Studies of variable dwarfs have thus acquired primary 
importance for astrophysicists, mainly in connection with the problem of 
stellar evolution. 

§51. Z Andromedae stars. Z And stars are also known as nova-like 
variables. This name reflects the considerable likeness between Z And 
stars and recurrent novae in terms of light variation and some spectral 
features. 

The apparent magnitude of all known nova-like stars is low. One of 
the brightest is the prototype of the entire group, Z And itself; at the 
maximum it reaches 8 mag. Z And has been studied to a greater extent 
than other nova-like stars (AX Per, BF Cyg, AG Peg, etc.) and we will 
therefore consider the corresponding results in some detail. 

Z And is occasionally seen to increase in brightness by a few magnitudes 
(this is referred to as the 'flare"). The flare is followed by fluctuations 
of brightness with decreasing amplitude. In this respect, the light curves 
of nova-like variables (the light curve of Z And is shown in Figure 98) are 
reminiscent of the light curves of some novae, which show damped 
oscillations on the descending branch (e.g., Nova Persei 1901). The 
difference between the light curves of novae and nova-like stars is that the 
rise branch and the subsequent fluctuations in Z And stars are much slower 
than in novae, and the flare amplitudes are substantially smaller than 
those of novae. 

Comparison of the visual and photographic light curves of Z And shows 
that the color index CI = m,,—™m,, is high at the minimum, reaching about 
1™, whereas with increasing brightness it falls to 0.3—0".4. Hence the 
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conclusion that the spectrophotometric temperature of the star increases 
with increasing brightness. Measurements of the spectrophotometric 
temperature 7’; of Z And give 5200°+ 900° at the minimum /3/. The 7; of 
other nova-like stars at the minimum is even smaller. Thus, for CI Cyg 
T,;~ 3700° /4/. The Balmer jump in the specra of AX Per and BF Cyg is 
negative, i.e., the intensity in the Balmer continuum is higher than the 
intensity in the Paschen continuum. For AX Per D= —0.4 and for 

BF Cyg D= -0.1 /5/. 
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The line spectrum of Z And at the minimum /5,6,7/ consists of two 
groups of bright lines: a) lines with high excitation potential, e.g., He Il, 
NIII, and other elements, including the forbidden lines [OIII], [Ne II], 

[N V]; these lines are assumed to originate in a nebula (not unlike a 
planetary nebula), and are correspondingly regarded as the so-called 
"nebular part" of the emission spectrum; b) lines of lower excitation 
potential (H, Hel, MgII, Fell, and others); they apparently form in the 
stellar atmosphere, and are thus referred to as the "stellar part" of the 
emission spectrum. 

The spectrum radically changes during the flare. The high-excitation 
lines disappear, and the "stellar" lines are converted to absorption lines 
with a violet emission components. The spectrum of Z And thus approaches 
the spectrum of a P Cyg star. This likeness is further accentuated by the 
shortward shift of the absorption lines (on the average by -80km/sec), as 
in the spectra of P Cyg stars. At the maximum, the energy distribution 
in the spectrum of Z And corresponds to spectral types A—F. 

The conversion of the emission spectrum into a P Cyg spectrum during 
the flare of 1939 took several months. The brightness of the star 
increased by 3", and the spectrophotometric temperature rose from 5000 
to 10,000—12,000°. The decline of brightness (after avery gentle maximum) 
was accompanied by a weakening of the P Cyg absorption lines. The 
"nebular '' emission lines reappeared and gradually grew in intensity. A 
year after the beginning of the flare, the P Cyg lines vanished; very strong 
emission in the Balmer continuum was observed, and the spectrum 
recovered its usual appearance. 

During the brightness fluctuations that followed the flare, no P Cyg lines 
appeared and the high-excitation lines did not disappear entirely; they only 
grew weaker relative to the "stellar" lines as the brightness increased in 
each fluctuation. 
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The flare of Z And was explained by O. Struve and Swings /6/; in their 
opinion, the flaring star ejected a substantial quantity of stellar matter 
which formed an extended shell around it. This shell was responsible for 
the P Cyg spectrum. At the same time, the high-frequency radiation of the 
star (beyond the Lyman limit), which before the flare excited the outer 
nebula, was absorbed inthe newly formed shell; the high-excitation emission 
lines therefore disappeared from the spectrum. 

As the ejection gradually stopped, the brightness started declining, and 
the optical thickness of the expanding envelope began decreasing. The 
P Cyg lines thus grew weaker, and the high-frequency radiation of the star 
again started exciting the nebula. 

The effects attendant on the flare of Z And are thus highly similar to 
the outburst of a nova; the mechanism of brightness increase is apparently 
the same in both cases (see Chapter XI), and the brightness fluctuations 
in the postmaximum stage are associated with occasionally renewed 
ejection, though with smaller intensity. 

Struve and Swings's interpretation of the flare of nova-like stars dis- 
regards some important spectral features, primarily the low spectro- 
photometric temperature of the star (at the minimum); another interesting 
spectral feature is the presence of TiO absorption bands alongside with 
the bright emission lines at the minimum. These absorption bands are 
generally typical of cold M stars. As the brightness increases, these 
stars grow weaker and eventually disappear; on the descending branch they 
reappear again. 

The spectra of nova-like variables at the minimum are thus a combina- 
tion of early-type features with some late-type features. To explain this 
fact, it has been suggested (e.g., /8/) that nova-like variables are binary 
systems comprising a cold M-type star and a hot star. In Berman's 
opinion, the bright lines originate in the extended atmosphere of the hot 
star, and the TiO absorption bands form in the atmosphere of the cold star. 

The binary hypothesis of nova-like variables is highly popular, although 
it leads to a number of obvious objections. Thus, for instance, to ensure 
a good fit between the hypothesis and the observations, the two system 
components have to be regarded as variables, with synchronous light 
variation. This coincidence is odd in the greatest degree and requires a 
special explanation. Moreover, no direct confirmation of the binary nature 
of any of the nova-like variables has been obtained so far. Therefore, 
although it is possible that some nova-like stars are indeed binaries, this 
phenomenon can hardly be applied to explain the generally complex form 
of their spectra. 

Sobolev developed a radically different approach to the spectra of Z And 
stars /9/. He suggests that these stars (like the long-period variables) 
are hot stars surrounded by an envelope. The optical thickness of the 
envelope in the visible spectrum is fairly high (<> 1). The interior of the 
envelope is ionized by the stellar radiation, and it is here that the bright 
lines form. The high-frequency radiation does not reach the outer layers 
of the envelope, and they therefore have a comparatively low temperature 
producing a low-temperature spectrum. 

This approach to the spectra of nova-like variables is consistent with 
the ejection of stellar matter by these stars and on the whole offers a 
good explanation of their peculiar features. Unfortunately, the presence 
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of the bright "nebular part'' of the spectrum, together with absorption 
bands, is not accounted for by this theory. As we have mentioned above, 
the 'nebular'' spectrum is emitted by a nebula which is relatively distant 
from the star. Moreover, the observations show that the intensity of these 
bright nebular lines and the intensity of absorption bands increase 
simultaneously /10/. Yet if the emission line spectrum and the absorption 
spectrum are formed in the same envelope, an opposite effect should be 
expected. The theory therefore should be further developed to account for 
the variety of these factors. 

§52. U Geminorum and Z Camelopardalis stars. Thebrightness of UGem 
stars occasionally jumps by 2—4” and then rapidly decreases to the 
original value. Between these “flares'' the magnitude of the star remains 
fairly constant. The time from the beginning of one flare to the next (the 
cycle) varies between wide limits for any given star; for instance, SS Cyg 
(the brightest of U Gem stars) shows cycles ranging from 20 to 110 days. 
The successive flares of the same star may also have different amplitudes. 
Figure 99 shows a specimen light curve of U Gem. 
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On the other hand, each star is characterized by a certain mean cycle 
and a certain mean flare amplitude. 

In 1933 Parenago and Kukarkin discovered a statistical relation between 
these mean quantities /1i/. The longer the mean cycle P, the greater is 
the mean amplitude 4. Figure 100 is a plot of this dependence for U Gem 
stars (A is expressed in stellar magnitudes, P in days). 

A similar dependence between the length of the preceding cycle and the 
flare amplitude is observed for every individual U Gem Star. 

The analytical relation between A and P is expressed by the equality 


A=0".44 1.85 Ig P. 


The physical meaning of this dependence is not clear at present. Note, 
however, that it is observed not only for U Gem stars. A similar relation 
exists betweenthecyclesand the amplitudes of the recurrent novae. This 
fact is probably indicatory of a fundamental similarity in the flare mecha- 
nism of UGem stars and recurrent novae. The observed flare, however, 
is entirely different in U Gem stars and in novae: there is no likeness 
whatsoever in the light curves of the two groups of stars. 
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Besides the large flares, SS Cyg at and near the minimum shows 
frequent small fluctuations with amplitude of 0.1—0”.2 taking 2—5 minand 
brief flares with amplitudes of 0.3—07.6 /12, 13/. The rate of light 
variation reaches 0.25 per min. The absolute amplitude of these 
fluctuations does not change when the average brightness of the star is 
increased. 

The spectra of U Gem stars /14, 15/ in the postmaximum stage and 
between successive flares are somewhat reminiscent of the spectra of 
novae: they show very strong bright Balmer lines and somewhat weaker 
ionized helium lines. The profiles of the bright lines (Figure 101) are 
highly peculiar, however, and have nothing in common with the emission 
line profiles in the spectra of novae. The width of the bright hydrogen 
lines observed in the spectra of U Gem stars reaches 50 A; they are 
symmetric and the shift of their centers from the normal position is not 
large (14). Together with the bright lines, the spectra of U Gem stars 
show exceedingly strong emission in the Balmer continuum. In particular, 
in SS Cyg the intensity of the Balmer continuum near the Balmer limit is 
a factor of 6— 7 greater than the intensity on the other side of the limit. 

Between successive flares, the energy distribution in the visible 
continuum of SS Cyg corresponds to temperatures of 5000—5500°. The 
color temperatures of other stars of this type are of the same order of 
magnitude. There are some observations of weak absorption lines corre- 
sponding to dG5d spectra at the light minimum of SS Cyg. 

As the brightness increases, the color temperature rises reaching 
14,000—15,000° at the maximum (which corresponds to a star of type AQ). 
The line and continuum emission disappear at this point. The bright 
hydrogen lines are replaced by absorption lines of similar width. The 
absorption line profiles are symmetric and on the whole similar to the line 
profiles in the spectra of white dwarfs. 

In the postmaximum stage, a symmetric bright line develops at the 
center of each absorption line; its intensity increases as the star declines 
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to the minimum. Figure 102 shows the line profiles in the spectrum of 
SS Cyg on the descending branch of the light curve. 

The likeness of U Gem stars at the maximum to white dwarfs is not 
restricted to the absorption spectrum and the energy distribution in the 
continuum. The luminosities of these 
stars are also close to the luminosities 
of white dwarfs. The visual absolute 
magnitude of U Gem stars at the maxi- 
mum (determined from their motions) 
is +6". Trigonometric parallax 
measurements of SS Cyg lead to the same 
result. Hence, U Gem stars at the 
maximum are typical white dwarfs. The 
wide absorption lines in the spectra of 
white dwarfs are generally attributed to 
the Stark effect. The broadening of the 
absorption lines in the spectra of U Gem 
stars is apparently due to the same 
factor. Anyhow, the considerable width 
and the peculiar profiles of the absorption 
(and emission) lines in the spectra of 
these stars cannot be explained by 
atmospheric motions. 

“WO 20 a We Of considerable interest is the origin 
AA of the bright lines in the spectra of 

U Gem stars. Since the spectra of these 

stars also show Balmer continuum 

emission and the normal Balmer decre- 
ment of a star with bright lines, there is no doubt that the bright line spec- 
trum in this case is the result of recombinations of hydrogen atoms. Hence 
the conclusion that U Gem stars, at least in epochs of constant magnitude, 
are surrounded by highly ionized envelopes. Since the emission of the 
envelope is very strong (in the Balmer continuum its intensity is higher than 
that of the star itself), its density should be sufficiently high. 

The observed shifts of the bright and absorption lines in the spectrum of 
SS Cyg led Joy to the conclusion that this star is a spectroscopic binary. 
The excitation of the bright lines is attributed to a B-type star /16/. 
However, the available spectroscopic observations of SS Cyg do not reveal 
any signs of a hot star in the system (apart the obvious presence of bright 
lines). The continuum emission observed in the visible spectrum 
together with the continuous spectrum of a dG5 star should be the result 
of recombinations of hydrogen atoms in the envelope. Its color temperature 
is low. The second component of SS Cyg therefore greatly differs in its 
size and spectral energy distribution from a normal B-type star. The 
origin of the recombination spectrum of the star at the minimum therefore 
remains uncertain. 

The emission of the envelopes of U Gem stars is closely related to 
the origin of their flares. The flare may be the result of a sudden increase 
in the temperature of the luminous surface or the result of an increase in 
surface area: it may also be the combined product of these two factors. 
According to present-day notions of nova explosion, the expansion of the 
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luminous surface makes a substantial contribution to the increase of the 
apparent brightness to the maximum. For U Gem stars, however, we have 
no data pointing to a rapid expansion of the envelopes. Conversely, it 
seems that the radius of the flaring star in the SS Cyg system (dG5, if its 
radiation is Planckian) is the same at the maximum and between the flares 
/17/, so that the flare is entirely attributed to the increase of star's 
temperature from 5000 to 15,000°. 

This explains the variation of the hydrogen line profiles in the spectrum 
of SS Cyg on the rise and descending branches. The absolute intensity of 
the bright lines is apparently a function of the intensity of the absorption 
lines. As the radiation of a star with absorption lines in its spectrum 
increases in intensity, the bright lines are superimposed on the absorption 
lines, which thus appear weaker and eventually disappear. When the 
brightness of the star declines after the flare, the bright lines become 
progressively more prominent against the background of absorption lines. 

It is not certain whether or not the radiation of the flaring component 
of SS Cyg is Planckian. The conclusion that the flare is associated with 
a sudden increase in temperature is thus tentative. This assumption does 
not exhaust all the possible mechanisms of brightness increase. As we 
have already noted, the radiation of some stars (T Tau, UV Cet, and 
others) according to Ambartsumyan is nonthermal during the flare. This 
factor may possibly operate in the case of U Gem stars as well. Z Cam 
stars are of particular significance in this respect. The light variation 
of these stars (Figure 103) follows the same trend as the light curve of 
U Gem stars over lengthy periods, but occasionally, after a 3—-3".5 flare 
the star drops 1” and remains in this brighter -than-normal state for 
some time. After that the cyclic light variation is resumed. The spectra 
of Z Cam stars have been poorly studies. The scanty data available point 
to a likeness in the spectra of these stars with U Gem and sometimes 
T Tau stars /18/. This possibly indicates that Z Cam stars occupy an 
intermediate position between U Gem and T Tau stars, and all the three 
types are probably linked. 
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§53. R Coronae Borealis stars. Most of the time R CrB stars retain a 
constant brightness with slight fluctuations of 0.2—0".3. Occasionally 
their brightness rapidly falls by 5— 8", and then gradually returns to its 
normal value (Figure 104). The luminosities of these stars at the time of 
constant brightness correspond to the luminosities of giants, and at the 
minimum R CrB stars are dwarfs. A considerable proportion of the 
radiation at the maximum is probably of nonthermal origin /2/. 

Only few stars of this type are known, and almost all of them are so 
weak that their spectra (especially at the minimum) have been hardly 
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studied. The only exception is R CrB itself. This star has been studied 
in considerable detail in periods of constant brightness /19/ and at the 
minima /20/. 
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FIGURE 104 


At periods of constant brightness the spectrum of R CrB is late F or 
GO with the characteristic c, indicating that the absorption lines are deep 
and sharp. This shape of absorption lines is typical of giants. However, 
the intensity of a number of lines in the spectrum of R CrB differs from 
the intensity of the corresponding lines in the spectra of giants of the same 
type. In particular this is applicable to the exceptionally high intensity of 
the carbon lines and the anomalously low intensity of the hydrogen lines. 

Apart from carbon lines, the lines of ionized metals and rare earth 
elements are also of high intensity. The average line shift corresponds 
to velocities of +25km/sec, which vary by a few km/sec in either 
direction. The energy distribution in the visible spectrum corresponds 
to 8000°, and in the violet spectrum it is 1000° higher. 

At the beginning of the declining branch, the spectrum R CrB shows no 
changes, until the brightness has dropped by more than 4”. Then emission 
lines appear at the center of the H and K absorption lines (ionized calcium, 
Ca IL), and the absorption lines become diffuse and shallow, as if veiled. 
Further decrease in brightness leads to the appearance of bright lines of 
ionized and neutral metals. The width of the H and K emission lines 
increases to 300km/sec and sometimes more. Forbidden emission lines 
[O1l] are also observed in the spectrum at the same time. The emission 
Balmer lines, on the other hand, are absent. 

The chemical composition of the atmosphere of R CrB was determined 
from the relative intensities of the absorption lines (assuminga state of 
thermodynamic equilibrium) /19/. The most abundant element in the 
atmosphere of this star was found to be carbon (69%), the content of 
hydrogen was much lower (27%). Note that not all the stars with light 
curves similar to that of R CrB are "carbon" stars. For example, XX Sgr 
is distinguished by anomalously high intensity of iron lines (the hydrogen 
lines being relatively weak), and is thus classified as an "iron" star. 

To explain the peculiar light curve of R CrB, it was suggested that this 
star is subjected to flares, not unlike the nova outbursts. Since the 
atmosphere of the star is exceedingly rich in carbon, the shell produced 
by the flare is also rich in carbon and therefore opaque. Initially it 
absorbs most of the radiation emitted by the star, and then the brightness 
gradually increases as the shell is dissipated. 
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There are, however, a number of observational facts which contradict 
this hypothesis: 

1) the intensity of the CI and CII absorption lines does not change when 
the brightness decreases; 

2) the spectrum of the star remains unaffected as the brightness drops by 
a factor of up to 40; 

3) not all the stars with R CrB-type light curves have carbon-rich 
atmospheres. 

In the light of these objections, the hypothesis assigning the fall in 
brightness of R CrB to the absorption of stellar radiation in a carbon 
envelope proves inconsistent. 

The following important point, first noted by Ambartsumyan /2/, is 
apparently of considerable significance for understanding the exact nature 
of these stars. The light curves of some R CrB stars are very similar 
to the light curves of T Tau stars. For some time, T Tau itself was 
actually classifiedasanR CrB star. The light variation of T Tau stars, in 
Ambartsumyan's opinion, is a unique phenomenon: it involves the conver- 
sion of the stellar interior energy into other forms of energy, partly 
radiation, in the outermost strata of the star. The same factor probably 
plays an important role in the case of R CrB stars. 

§54. RW Aurigae and T Tauri stars. The different types of variable 
stars considered in the previous sections had their own characteristic light 
curve, which was either periodic or not. There are, however, some low- 
luminosity stars whose light curves are neither periodic nor of constant 
shape. These are the RW Aur stars /21/. The light variation amplitude 
of a given star may lie anywhere between 0.1 and 3”in different epochs, 
and the rate of light variation may change from 1” in 1 hour to 0”.1 in 1 day. 
Periods of enhanced activity are sometimes followed by long quiescent 
periods. The light curve of one of the typical RW Aur stars — RR Tau — is 


shown in Figure 105. 
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The spectra of RW Aur are not uniform. Stars ranging between spectral 
types B and M are observed. G-type stars predominate. The spectra are 
often variable. 

RW Aur stars include a separate group of stars whose spectra contain 
bright lines, not unlike the lines of the solar chromosphere (H, Fel, Fell, 
Cal, Call, and other elements). The absorption spectrum (not always 
visible) of these stars corresponds to F8—M2 /23/. They are called 
T Tau stars. 

The spatial distribution of T Tau stars is highly peculiar. Most of the 
known stars of this type are grouped in fairly small parts of the sky. The 
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same areas also show increased numbers of other RW Aur stars. 
Ambartsumyan, who was the first to call attention to this point, concluded 
that these aggregates of comparatively rare variable stars cannot be 
attributed to chance factors: stars found in these aggregates should there- 
fore have common origin. Ambartsumyan called these groups T associa- 
tions. Stellar associations, according to Ambartsumyan, must have 

formed fairly recently, since they are inherently unstable and tend to decay 
under the attraction of other stars. Since the associations are still observed 
intact, the age of the constituent stars is fairly low. According to 
Ambartsumyan's estimate, it is of the order of 10’ years. 

T Tau stars are thus of recent origin compared to most stars in the 
Galaxy (whose ages range between 10 —10” years) and therefore of 
considerable interest in astrophysics and cosmogony. 

The principal spectral features /22, 23/ are the same for all T Tau 
stars, but their spectra also have some individual features. A common 
property of their spectra is the presence of bright lines. The strongest 
bright lines are the H and K lines (Call). The hydrogen Balmer lines also 
reach high intensity. The spectra are rich in Fel and Fell bright lines. 

T Tau spectra show emission lines of Hel (and weak Hell), and the 
forbidden line [SII] 4 4068.2 A. On the whole, the emission spectrum is not 
unlike the spectrum of the solar chromosphere at heights above 1000km, 
but the bright lines in T Tau spectra are much wider than in the chromo- 
sphere, reaching 4—5 A. 

The continuous spectrum of T Tau stars shows a superimposed 
continuum which veils the absorption lines. The continuum emission 
increases at shorter wavelengths, and the color of T Tau stars is thus bluer 
than that corresponding to its spectral type. The extremely rapid increase 
of intensity in the ultraviolet spectrum (AA 3850—3650 4) observed in two 
T Tau stars (NX Mon and VY Ori) /24/ and later in another star of this 
type, AG Dra /25/, is related to the same continuous emission. Another 
factor which may explain the marked increase in the ultraviolet intensity 
of these stars may be the merging of the Balmer emission lines which 
condense at the Balmer limit /24/. 

The absorption spectra of various T Tau stars are nonuniform. Some- 
times the absorption lines are completely obliterated by the continuous 
emission. If the absorption lines are prominent, they are either super- 
imposed on bright lines or else they appear near the red wing of a bright 
line. The bright lines as a rule show a greater shortward shift than the 
absorption lines. This signifies that the atmospheric layers in which the 
bright lines originate move away from the star faster than the layers where 
the absorption lines form. 

All T Tau stars have variable spectra. However, despite the intensive 
studies of these stars, the exact variation of the spectra have not been 
established. it only seems that the continuum emission and the line 
emission generally increases in intensity toward the maximum. There 
are also indications that the color temperature increases with the increase 
in brightness. 

T Tau stars are often associated with diffuse nebulae, and in some cases 
these nebulae are also variable. Stars of this type very often appear in 
conjunction with variable comet-like nebulae. T Tau itself is situated ina 
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variable nebulae with angular diameter of about 10—12". The spectrum of 
the nebula shows high-intensity bright lines [OII] and [SII] and hydrogen 
Balmer lines. The star is also surrounded by a variable shell 4" in 
diameter, not unlike a semicircular prominence in shape. R CrA is the 
nucleus of a variable nebula. R Mon, RY Tau, and many other stars of this 
type are similarly situated. The variations of the nebula often do not show 
any apparent correlation with the variations of the star. The association 
between the star and the nebula in these cases, however, clearly cannot be 
regarded as accidental. 

T Tau stars are dwarfs. The absolute magnitude of T Tau itself is close 
to 5", and the distances of the known stars of this type from the Sun are 
about 100—150pc. 

In some cases T Tau (or RW Aur) stars have close visual companions, 
which are dwarfs of later spectral types with bright lines. For example, 
the companion of T Tau, DD Tau, is a star of the same type, the companion 
of UX Tau is a dM2e star. Seeing that T Tau stars are of recent origin, we 
conclude that they formed as binaries from the start, and not through 
collision and capture. The great cosmogonic significance of this conclusion 
is obvious. 

T Tau stars also include the so-called Herbig— Haro objects, which are 
weak stars situated inside small nebulae, with spectra similar to the 
spectrum of the nebula around T Tau /26/. 

Some of the T Tau stars in the Orion Nebula discovered by Haro show 
extremely rapid variations of brightness. A flare takes only a few tens of 
minutes /27/. 

Despite the considerable differences between the individual T Tau stars, 
they all show continuous emission, either all the time or intermittently 
during the flares. Proceeding from this fact and comparing it with the 
similar emission in a number of RW Aur stars and stars of other types (in 
particular, UV Cet stars, see below), Ambartsumyan came to the 
conclusion that the flares of T Tau stars involve the release of 
stellar energy from the interior by some hitherto unknown mechanism. 
Part of the released energy is converted to heat radiation and other forms 
of energy, and the remaining part is radiated as continuous emission 
(nonthermal radiation). In the case of T Tau stars, the energy is probably 
released at a great optical depth (below the photosphere) and the temperature 
of the star therefore increases during the flare /2, 28/. 

The spectra of RW Aur stars are nonuniform. Some stars, in particular, 
RW Aur itself, have spectra which are similar to the spectrum of a T Tau 
star, whereas in others this similarity is hardly noticeable or nonexistent. 
The spectrum variations of RW Aur are similar to those of T Tau. For 
example, as the brightness falls from 10.7 to 11".3, the color temperature 
(between 44 4000—6500 A ) decreases from 7300 to 4300° /29/. 

The luminosity of RW Aur stars is often close to the luminosity of the 
main-sequence stars of the corresponding spectral type. 

The differences in spectra, luminosities, and other characteristics of 
RW Aur stars are the result of the application of photometric classification 
methods, i.e., the shape of the light curve and the magnitude, ignoring the 
other features of the stars. A more detailed classification shows that RW 
Aur stars do not constitute a homogeneous group, and should in fact be 
subdivided into a number of independent types. 
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§55. UV Ceti stars. The development of observational techniques during 
the last decade made it possible to observe the spectra of numerous weak 
stars, mainly those of late spectral types. The spectra of numerous stars 
were found to contain bright CalII lines and sometimes hydrogen lines. The 
percentage of stars with bright spectral lines among types M4—M8 is higher 
than among early-type stars. Since the presence of bright lines in the 
spectrum is often an indication of nonstationary behavior, at least some of 
the red dwarfs are expected to be variable stars. In 1948—1952, the light 
of some stars of this type (dMe) was found to vary /32/. The best known of 
these is UV Ceti (L726—8), which is the prototype of the entire group. 

UV Ceti stars are characterized by extremely rapid and irregular 
"Mares": the brightness of the star increases more than tenfold in a matter 
of minutes (at a rate of 0”.1 in 1 sec, and faster) and then rapidly declines. 
The greater the flare amplitude Am, the longer is the time At for the star 
to recover its original brightness. According to Oskanyan, At is an 
exponential function of Am /33/. The entire flare takes about an hour. 
Sometimes the light variation is even faster. Thus, the brightness of 
UV Cet in 1952 increased by 4".8 in 20 sec. Large flares (withamplitudes 
>1”.5) are interspersed with smaller flares. The average period between 
successive small flares is about 30 min. Relatively slow variations of 
brightness (at rates of about 0".001 per sec) are also observed /33/. 
Photometrically, the flares of UV Ceti stars are reminiscent of chromo- 
spheric flares in the Sun. Haro pointed to a considerable similarity 
between the flares of UV Ceti stars and the flares of the fast T Tau stars 
in the Orion Nebula /27/. 

The spectrum of the star undergoes substantial changes during the flare 
/34/. The absorption lines and the molecular absorption bands are veiled 
by high-intensity emission of unknown origin. This emission is particularly 
intense in the short-wave ‘'blue'' region of the spectrum. The intensity of 
the blue hydrogen lines also increases and bright HeI and Hell lines 
appear. 

Double stars are often observed among the known dMe-type stars and, in 
particular, among UV Ceti stars. UV Cet itselfis a binary. The spectral 
type of both components is dM6e. Their visual absolute magnitudes are 
15".6 and 16".1, the luminosities being 5-10 °£, and 3-10 "Lo, respec- 
tively /35/. The flaring component is apparently the weaker of the two. 
The energy released in one flare is of the order of 10°? — 10% erg. 

The rate of light variation of these stars is very fast. Seeing that the 
star recovers its original brightness soon after the flare, Ambartsumyan 
/2/ concludes that the flares cannot be the result of an increase in surface 
temperature or ejection of an envelope by the star. Either mechanism 
would involve a much slower decrease of brightness after the flare. 
Ambartsumyan therefore links the flares of UV Ceti stars (like those of 
T Tau stars) with explosive processes which convert the stellar interior 
energy into nonthermal radiation. In UV Ceti stars, this conversion 
apparently takes place in the outer layers of the chromosphere. 
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B.A. VORONTSOV-VEL'YA MINOV 
Chapter X 
STARS WITH VARIABLE SPECTRA 


§ 56. Spectroscopic variables. Spectroscopic variables, i.e., stars with 
variable spectra, are also characterized by light variation. These include 
cepheids, long-period and irregular variables, novae, and nova-like stars. 
Detailed examination of a spectroscopic variable often led to the discovery of 
fluctuations, however small, inits magnitude. In somecases the spectrum 
appears to vary without any changes in the magnitude of the star, but sooner or 
later light variationis alsoobserved. The spectra of eclipsing binaries, 
which are in fact the resultant spectrum of the entire system, also show 
definite changes associated with axial rotation of stars, ejection of gases 
from the atmosphere, etc. In these cases the spectrum variation is 
mainly associated with the changes in the contribution of the individual 
components to the resultant spectrum in different phases of the eclipse. 
The spectroscopic variables have been described in the appropriate chap- 
ters of this Course. 

In the present chapter we will discuss hot stars with changing bright lines 
in their spectra, stars surrounded by a tenuous absorbing envelope, and 
stars with variable magnetic field. 

§57, Stars with variable bright lines. The spectra of O,B, and A stars 
(especially of B stars) show bright lines, predominantly of hydrogen. In 
most cases only H,is bright; occasionally bright Hg, and Hy lines are 
observed, and seldom H, as well; in certain cases, however, all the 
emission lines of the Balmer series show in the spectrum. In numerous 
cases the bright lines or some of them would appear or disappear after a 
few years. They have been best studied in B-type stars, and it seems 
that Be stars are spectroscopic variables to a certain extent. Stars with 
numerous bright lines generally show light variation as well. Besides 
hydrogen lines, their spectra also show bright lines of Hel, Hell, Fell, 
and occasionally the lines of other elements. 

There are over 1000 stars with bright spectral lines among O, B, and 
A stars; their percentage increases from the late types to B2 and then 
again decreases. 

At this stage it is hardly possible to distinguish between B stars with 
constant spectra and stars whose spectra occasionally show emission 
lines. It is furthermore impossible to differentiate between stars with 
variable emission spectra and stars with variable brightness. The best 
example of this difficulty is y Cas (BOep), which for several decades was 


251 


Ch. X. STARS WITH VARIABLE SPECTRA 


regarded as a typical spectroscopic variable, and then in 1936 suddenly 
flared increasing its brightness by 1.5 stellar magnitudes. Stars continu- 
ally observed over prolonged periods had pure absorption spectra, which 
suddenly developed a bright Haline showing on panchromatic plates or 
other emission lines. 

The bright lines in the spectra of Be stars generally show a distinct 
broadening, which increases with increasing wavelength in accordance 
with the general requirements of the Doppler effect. This broadening, 
however, is associated with neither thermal motions nor turbulence, since 
these factors produce entirely different line profiles. The broadening of 
the emission lines is accompanied by broadening of the dark lines, and 
their profiles definitely point to rotational origin of broadening. This 
problem was studied in considerable detail by O. Struve, who also consi- 
dered data on rapidly spinning spectroscopic binaries. The percentage of 
stars with bright lines among B stars was found to increase with increasing 
equatorial rotation velocity (projected onto the line of sight): the increase 
was from 3% for stars with rotation velocities less then 50km/sec to 50% 
for stars with rotation velocities exceeding 150km/sec. The percentage 
of fast spinning B stars, on the other hand, definitely decreases at veloci- 
ties above 75km/sec. As is known, O and B stars on the whole have the 
highest rotation velocities. 

These data led Struve to the assumption that the bright lines originate 
in thin disks or rings which are detached from the fast spinning star under 
the action of centrifugal forces, which reaches its maximum on the 
equator. In the Roche's model, the B stars reach the stability limits at 
equatorial rotation velocities of 560km/sec; substantial radiation pressure, 
however, may cause separation of gas on the equator even at lower rotation 
velocities. (When comparing the calculated and the observed rotation 
velocities, one should remember that the apparent spin is less than the 
true spin because the spin axis is mostly inclined to the line of sight at an 
angle less then 90°.) 

The broadening is different for lines of different elements, which means 
that the corresponding elements have different velocities in the originating 
ring. 

For example, bright Fell lines are visible only when the hydrogen lines 
are very strong. It naturally seems that parts of the gas ring revolve 
about the star in accordance with Kepler's law. In this case the radius of 
the MgII ring will be 1/5 of the radius of the hydrogen ring, provided the 
differences in the excitation and ionization conditions in the interior and the 
exterior parts of the ring do not affect the propagation of Mg Il emission 
inside the ring. To judge from the lines excited in the ring, its temperature 
is invariably lower than the temperature of the star, and the conspicuous 
absence of forbidden lines indicates that the width of the ring is comparable 
with the star diameter, so that the stellar radiation reaching the ring is only 
slightly diluted. 

There is nothing in the observations to suggest that the bright spectral 
lines originate in the ring and not in the overall extended atmosphere of 
B stars. The centrifugal force clearly makes a substantial contribution, 
and we can naturally expect separation of gas from the star in the 
equatorial plane; this, however, may produce an equatorial disk and not 
a discrete ring at a certain distance from the star. The observed appear- 
ance and disappearance of bright lines seems to suggest an inherent 
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instability of the ring or the disk, but unfortunately the actual mechanism 
of these spectral changes is far from being clear, since the rotational 
velocity of the star as a whole cannot change and it is not clear why the 
flow of gas from the star to the ring should stop, while its dispersion is 
continuous. 

The observations of y Cas can be interpreted as reflecting changes in 
the rotational velocity of the pulsating, variable-radius layer where the 
spectral lines originate. Then if the gas separates from the surface of the 
pulsating atmosphere, of variable rotational velocity, the density of the 
ring and the emission conditions will not remain constant. The emission 
of the ring, the disk, or the atmosphere as a whole is naturally a kind of 
fluorescence treated by Rosseland. In a low density gas with highly diluted 
radiation, an atom with three energy states will mainly experience transi- 
tions of the type 1~+3-+-2—1, i.e., ionization followed by recombination 
with the electron subsequently cascading back to the ground state. This 
chain of transitions produces the emission Balmer lines, as in gaseous 
nebulae. 

In parts, however, the atmosphere may prove to be opaque to Balmer 
and occasionally even to Lyman line emission. These factors, together 
with probable temperature fluctuations and the existence of convection 
and eruptive phenomena in the atmosphere, are responsible for various 
peculiar features in the line profiles, line intensities, etc. The theory of 
various related problems was developed in considerable detail by 
O. Struve, V.V. Sobolev, and V.G. Gorbatskii (see Chapter XV). 

Note that the study of line profiles and line intensity anomalies in 
various Be stars gives rise to a wide range of highly interesting problems 
in the theory of dynamic structure of stellar atmospheres and the theory 
of the dynamics of various atmospheric processes. Topics of considerable 
significance are the expansion of stellar atmospheres, expansion velocities, 
the presence of velocity gradients, etc. The theory of these processes has 
been developed in fair detail, but its comparison with observations is often 
hindered by the great variety of factors and processes taking place in the 
real dynamic envelope of the star. 

The continuous spectrum of Be stars also presents a serious problem 
which has not been solved yet. These stars are on the whole fairly distant, 
so that their light is greatly affected by selective absorption in the inter - 
stellar space. To take this factor into consideration, however, we need 
the absolute magnitude of the Be stars, while it is not clear at all whether 
or not the Be stars are brighter than normal stars of the same spectral 
subtypes. On the one hand, emission spectra clearly prevail among the 
supergiants with their extended atmospheres. On the other hand, there are 
definitely some B stars of normal or even subnormal luminosity whose 
emission spectra are associated with their fast spin. The existence of 
these two distinct groups is possibly responsible for the contradictory 
results. 

A dense extended envelope may naturally emit on its own in the 
continuum. This continuous emission is superimposed on the emission 
spectrum of the star and thus distorts the energy distribution, making the 
star appear redder. 

A semblance of the equatorial gas rings is probably observed in close 
eclipsing binaries, whose components are mostly A and late B stars. 


253 


Ch. X. STARS WITH VARIABLE SPECTRA 


Suitable examples are provided by SX Cas, RW Tau, BLyr. In some 
cases the ring encircles only one of the stars, whereas in other cases it 
embraces the entire system. The emission lines, if at all visible between 
the eclipses, are split into doublets. One of the doublet components is 
evidently produced by the receding half of the ring, and the other component 
by the approaching half; the dark line in the middle is associated with 
absorption in the part of the ring which is projected onto the star and is 
moving across the line of sight. During the first phases of the eclipse, one 
of the two bright components disappears, and at the end of the eclipse the 
other component vanishes. The intensity ratio of the red to the violet 
component is variable (these two components are apparently also observed in 
in some solitary Be stars). Close binaries are subjected to unusually 
intense eruptive processes, not unlike solar prominences, whose charac- 
teristic velocities are sufficient to produce gas jets between the fast 
spinning components and around them. 

The gas rings, disks, and jets around spinning stars are obviously of 
considerable cosmogonic significance: they possibly constitute the 
primordial matter which, interacting with the dust nebulae through which 
many of the Be stars pass, form planetary systems. 

The mass and the radii of these gas rings are unfortunately unknown. 
Judging from the visibility of spectral lines during the eclipse, the ring 
radius is double the star diameter. The intensity of the hydrogen lines 
thus suggests that the minimum mass of the rings is approximately equal 
to the Earth's mass, if ionization of the gas is ignored. The true mass 
of the ring may be several orders of magnitude higher. 

Stars with extended absorbing envelopes were discovered later than 
stars with extended emitting atmospheres. 

A typical star with an extended envelope is Pleione in the Pleiades 
cluster, which occasionally develops a Be spectrum. Sometimes it shows 
a pure absorption spectrum with wide hydrogen lines which are indicatory 
of fast rotation. At other times extremely narrow and sharp nuclei appear 
against the background of these wide hydrogen lines. Other strong narrow 
lines are also observed, which apparently originate in the slowly spinning 
cooler tenuous envelope. The spectral variations in Pleione, 48 Lib, 
and other stars of this type are accompanied by hardly perceptible light 
variations. All these stars are apparently fast spinning. The development 
of the extended absorbing tenuous envelope and its transformation into an 
emitting disk or ring apparently constitute different stages of one 
evolutionary process which is characteristic of stars at the limit of rota- 
tional stability. The interrelation between different types of these 
envelopes, their formation, and mutual transformation are still not fully 
elucidated, although the considerable material on hand provides fruitful 
ground for detailed exploration of this problem. 

§58. Variable magnetic fields in stars. Be stars are not the only stars 
with variable spectra whose light variation is insignificant (with amplitudes 
of a few hundredths of a stellar magnitude) or nil. Belopol'skii was the 
first to study these stars, and in 1913 he detected periodic variations in the 
spectrum of a? CVn, and A-type star. The results of Belopol'skii, his 
followers, and other spectroscopists point to the following. Most lines in 
the spectrum of this star do not change, and the other lines, whose intensity 
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is variable, fall into two groups, so that the maxima of the lines of one 
group coincide with the minima of the other group. The period of variation 
is 5.47 days. Subsequently light variation with an amplitude of up to one 
tenth of a stellar magnitude and with the same period was detected. The 
largest intensity variation is observed for the lines of europium and other 
rare earths — gadolinium and dysprosium, whereas the other group of 
variable lines comprises the lines of ierbium and numerous metals. Near 
the minimum the variable lines are split into two components, whereas the 
constant lines also have a constant radial velocity. 

Much later, periodic variations (with a period of 9.295 days) were 
observed in the intensity of europium and chromium lines in an AOp-type 
star, HD124248 = BD—18°3789. The intensity of these lines also varies 
in counterphase. Some spectroscopic variables of spectral type A also 
show strong rare earth lines, whereas others have variable metal lines. 
The latter group of stars, however, should not be confused with the so- 
called ''metallic stars’' of type A. Two other spectroscopic variables of 
this type, 73 Dra (20 day period) and 1 Cas (a period of about 1.5 days), 
show light variation with the same periods and an amplitude of a few 
hundredths of a stellar magnitude. Some of the A stars are thus charac- 
terized by numerous anomalies. The A stars discussed above apparently 
have a peculiar chemical composition, but the spectral variation could not 
be associated with changes in the excitation and the ionization of the 
atmosphere. 

In 1948 Babcock discovered the Zeeman effect in the spectrum ofa 
spectroscopic variable 78 Vir, and later in the spectra of similar stars 
y Equ (FOp), a? CVn, HD125248, and others. Some stars were found to 
possess a constant magnetic field in the atmosphere, the field strength 
exceeding 1000 gauss. The magnetic fields are investigated by measuring 
the polarization of light in the variable lines and in their splitting compo- 
nents. The field strength of y Equ reaches 900 gauss, and is apparently 
constant. 

In a? CVn both the field strength and the polarity change. The extreme 
values reach —4000 gauss, when the ionized europium lines have maximum 
intensity, and +5000 gauss half a period later, when the CrTIl line is at its 
maximum. 

The magnetic field of HD125248 varies from + 7600 gauss to -7600 gauss 
in phase with the intensity variation of CrI and Eull, Crif lines. 

These are apparently fast spinning stars with the pole almost facing the 
observer. The magnetic field is clearly associated with their spin. 

The magnetic fields in question are apparently different from the local mag- 
netic fields of sunspots; rather the entire star has a dipole magnetic field whose 
poles approximately coincide with the poles of the spin axis. (South and 
North magnetic polarities are equiprobable among these stars.) Europium 
and chromium concentrate indifferentlayers, one prevailing in the polar 
regions andthe other near the equator. The atmosphere immersed ina 
magnetic field is in a state of large-scale turbulence with eddy pulsations 
and prevalent horizontal motions. The magnetohydrodynamic waves 
considered in Alfvén's theory produce magnetic pulsations, which may 
cause reversal of magnetic polarity. These variations are superimposed on 
the almost constant magnetic field. Self-excitation phenomena are thus 
associated with the star's spin and convection. 
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NOVAE, SUPERNOVAE AND NOVA-LIKE STARS 


§59. Novae and noya-like stars. Variables known as novae include a 
great variety of stars. Even greater variety is observed among nova - 
like stars (some of which are occasionally classified as novae). 

Typical novae are variable stars with a light variation amplitude 
of no less than 7— 8 mag which are definitely supergiants at the maximum. 
The novae flare only once, and after the outburst they return to their 
initial brightness. The characteristic spectra of novae vary inclose relation 
to the phase of the light curve. 

Recurrent novae are similar to typical novae with regard to the 
variation of their magnitude and spectrum, but they have been observed to 
flare at least twice. The light variation amplitude is generally less thanor 
possibly equal to the upper limit value for the amplitudes of typical novae. 
It thus seems probable that typical novae also flare recurrently, although 
at longer intervals. Indeed, some of the novae originally regarded as 
typical later revealed their recurrent nature. 

Supernovae are flaring stars not unlike the typical novae, but their 
maximum luminosity is much higher than that of the most luminous super- 
giants and novae (M = -11” and higher, up to -18™"). Their light variation 
amplitude is uncertain, but it should be really tremendous. Some of the 
extraordinary stars observed prior to the invention of the telescope are 
currently regarded as galactic supernovae. In the telescopic era supernovae 
have been observed only in other galaxies, where they become visible near 
the maximum, when their brightness is comparable with the integrated 
brightness of the host galaxy. The spectra of supernovae and their 
variation have not been conclusively interpreted, but they are definitely 
different from the spectra of novae and recurrent novae. It is not clear 
whether or not the supernovae constitute a direct continuation of the 
brightest typical novae. They may fall in an independent category which 
is consistently brighter at least by one order of magnitude than the novae. 

Nova-like stars are variables which, irrespective of their 
spectrum, reveal occasional flares of any (possibly small) amplitude. 
Ordinary stars with spectra showing some of the bright lines or bands 
observed in one of the nova phases are also sometimes classified as nova- 
like stars. This term, however, should apparently be reserved for very 
hot medium- and low-luminosity stars with their spectra showing some 
of the features characteristic of typical novae in one of their stages of 
development. 
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Moderately hot variables with spectra showing a remote resemblance to 
the spectra of novae, such as U Gem and Z Cam Stars, are better not 
classified as nova-like, since their physical nature is apparently different. 

Late-type stars with bright spectrallines characteristic of the nova-like 
population and with irregular light variation are apparently all binaries 
comprising a cold giant and a hot nova-like star. 

P Cyg stars are sometimes called perr.anent novae: although no 
light variation has been observed, their luminosity is exceedingly high and 
the spectra show bright lines with violet absorption satellites, as in the 
spectra of novae soon after the maximum. Jn fact, however, these hot 
stars are apparently closer to y Cas spectroscopic variables than to novae. 
These seem to be stable stars of almost constant brightness with highly 
extended atmosphere. Deneb, for instance, cannot be regarded as a nova- 
like star or a permanent nova. 

Some of the low-luminosity hot stars with nova-like spectra (either 
variable or stable) are apparently remnants of earlier nova explosions. 

§60. Recurrent novae. The first recurrent nova was observed in 1902, 
when T Pyx flared up again, after an earlier outburst in 1890. It 
recurrently flared also in 1920 and 1944. However, this was recognized 
as a significant phenomenon only after the recurrent outburst of RS Oph in 
1933; this star had been previously recorded as a nova in 1898. Kukarkinand 
Parenago found that cyclic variables showed a statistical increase in the 
length of the average cycle with increasing amplitude; they .:urther estab- 
lished that the two recurrent novae, T Pyx and RS Oph, also satisfied this 
relation. Their extrapolation led to the conclusion that T CrB, which flared 
in 1866 with an amplitude of 7mag, should explode again after 60—100years. 
This prediction was brilliantly confirmed when T CrB indeed flared again in 
1946. 

The known recurrent novae are listed in Table 1. 


TABLE 1 


Interval in 


Amplitude, 
years m 


Star Nova | 


‘N Ori ery, Wn, 


T Pyx 1990, 1902, 

U Sco 4863, O68, ts 
RS Oph 4898, 1085, 195 
T Crh 1aGh, 145 

N Sge WHS, 1046 

N Sgr ol?, 199 


No uniform notation has been developed for novae: they are designated 
both as variables (Q Cyg) and as novae (N Cyg 1872, N Cyg No. 2), prefixed 
with N and followed by the year of occurrence or by the chronological 
number in the particular constellation. 

The relation between the flare amplitude .1 and the mean recurrence 
interval] P is apparently only statistical and highly approximate: the true 
amplitude of T CrB, which is apparently a weak companion of a 9mag Star, 
is about 11 mag, and not 7 as assumed originally. On the other hand, 
numerous novae with amplitudes of 7— 8 mag have not recurred for several 
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decades. For an average amplitude of 11", extrapolation gives a 
recurrence period of 1000—3000 years. Some authors, however, disagree 
with this generalization of a relation obtained for recurrent novae to 
typical novae. 

The light curves of recurrent novae are exactly identical or only 
slightly differentfrom one flare to another. This points to fundamental 
identity of the relevant processes. 

The magnitude and the spectrum invariably resume their initial state 
between the recurrent flares. They may be either constant or variable. 
The spectra are either continuous or with bright lines, and in the course of 
light variation the intensity of the bright lines varies between wide limits 
and they may completely disappear. A common feature of all these spectra 
are the indications of extremely high temperature between the flares. 
Sometimes, however, the high-temperature spectra with bright lines are 
also reminiscent of G—M spectra. This apparently shows that we are 
dealing with a double star comprising a cold giant and a hot high-luminosity 
companion. Such pairs have been observed ino Cet, R Aqr, Antares, 

VV Cep, and other systems. Sobolev and Menzel are of the opinion that a 
composite spectrum of this type may also be produced by a solitary hot giant 
surrounded by an extended cold atmosphere. Tne binary nature of T CrB, 
however, was observed visually; furthermore, when the star is near the 
maximum all traces of the cold spectrum are obliterated. In the phase of 
relative stability it is the spectrum of the hot component that sometimes 
disappears. All this may be due to a slight variability of the cold star, 
combined with strong variation of the hot star. After a long period of 
uncertainty as to the exact nature of T CrB, the orbital motion of the two 
components was determined from the spectrum and the mass of the hot 
component (the flaring star proper) was shown (1958) to be close to the 
observed lower-limit value of 2.6 Mo. 

In symbiotic spectra, the contribution from the hot recurrent nova 
comprises the entire ultraviolet region, sometimes with H, He, and Cat 
absorption lines, and bright emission lines of hydrogen and multiply ionized 
atoms in other parts of the spectrum (these emission lines are either of 
stellar origin or are characteristic of gaseous emission nebulae). The 
energy distribution in the continuous spectra of recurrent novae is identical 
to that in the spectra of very hot stars. 

Proceeding from the existence of recurrent novae, whose spectra 
between the flares are identical to the spectra of typical novae soon after 
the maximum, and seeing that their spectra are invariably those of very 
hot stars of varying luminosities, Vorontsov-Vel'yaminov argued 
convincingly that the Sun cannot erupt as anova. The recurrence hypothesis 
of typical novae as such does not remove this danger, since the Sun may be 
just approaching the recurrent nova stage, especially as its luminosity is 
close to the average luminosity of novae between flares. However, 
seeing that the dispersion of luminosities about the mean is extremely large 
and that the physical nature of the Sun is entirely different from that of 
novae, we conclude that the Sun w’‘ll not flare as a nova. 

The light curves of recurrent novae are characterized by a steep rise 
branch followed by a more gradual decline, which is nevertheless faster 
than in typical novae. Another remarkable effect was observed for T CrB: 
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after an extremely fast fall in brightness (7 mag in 20 days, back almost 
to its normal magnitude ), a slow secondary rise began after 2 months, 
the brightness increasing by 1.5mag in two months. The increased 
brightness persisted for about two months, and then gradually declined 
back to its normal value. In 1938, 8 years before the large flare, T CrB 
slowly increased in brightness by 1 mag and soon after that its spectrum 
showed strong bright lines of neutral and multiply ionized elements, as 
well as nebular lines. 

It is particularly significant that the spectra of some nova-like stars 
(and their spectra only) occasionally show bright lines typical of the solar 
corona; these are the forbidden lines of multiply ionized calcium and iron. 

§61. Light curves of novae. There are many different types of light 
curves, but in the great majority of cases the brightness increases very 
steeply in 2—3 days and then declines gradually over a period of several 
years (Figure 106). The maxima are either sharp (I) or rounded (II), 
followed by a smooth decline (S) or a decline branch with oscillations (O). 
In terms of the rate of decline, the novae are divided into fast, moderate, 
slow, and very slow. RT Ser and n Car were exceptionally slow novae. 
The brightness of RT Ser continued increasing for about 10 years, and its 
flat maximum extended over 20 years. mn Car fluctuated from 3” to 1” over 
some 150 years and then dropped to 8" fairly rapidly. MacLaughlin 
established the following common features for all the light curves 
(Figure 107): 1) The initial increase in brightness is very fast, and the rate 
of increase slows down toward the maximum. 2) The initial part of the 
declining branch (the first 3 mag) is smooth or with secondary maxima. 
For faint (distant) stars only this section of the declining branch is 
observed. 3) Transitional stage, the brightness falling by another 3 mag. 
This part of the declining branch is either smooth (S), oscillating (O), or 
dips abruptly by many stellar magnitudes (D), and then gradually recovers 
a level some 6” weaker than the maximum. 4) Final decline —fairly 
smooth, the light curve falling to the same level as before the eruption. 
Before and after the eruption, the stars are either stable or slightly 
variable (more frequently the latter). The irregular oscillations reach 
their maximum amplitude in N Per 1901 (2). 

Among the hundred known light curves, no two are quite alike in shape 
and scale, but it is clear from the preceding that, despite the great 
variety, they have certain common regular features. 

A comprehensive classification of light curves advanced by the present 
author includes a brief description of the curves: the shape of the maximum 
and the rate of decline over the first 3" (expressed as the logarithm of the 
time in days, without decimal point after the characteristic), the type of 
the nova, the amplitude in stellar magnitudes, and an indication of 
constancy (C) or variability (v) at the minimum. The light curve of N Gem 
1912 is briefly described as follows: 


Il 0,157, O,1lliv, 
which reads: a rounded maximum followed by oscillations, decline by 3” 


during 37 days after the maximum followed by strong oscillations, 
amplitude of 11 stellar magnitudes, variable brightness at the minimum. 
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Time axis (arbitrary scale) 
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Light curves with smoothed ripples over the entire decline branch 
(Figure 108) are well fitted with the equation 


m=m,+ blet, 


where m, and 5 are measured three times on different dates. The logarith- 
mic coefficients b) characterize the rate of decline, and on the average the 


luminosity declines as 


, 


Bact: 
eg 


where A is a constant. 
The overall amplitudes are from 6 to >17 stellar magnitudes; they are 


fairly uniformly distributed around the mean of some 11”. Large ampli- 
tudes are naturally observed only for stars which reach high luminosities 
at the maximum. A number of factors in observations give too low 
amplitudes. 

§62. Main spectral stages. The spectra of typical novae before the 
flare and in the very initial stages are unknown, with the sole exception 
of N Aqi 1918, whose underexposed spectrum reveals it to be a white star. 
As we have noted, to ensure complete analogy with recurrent novae, the 
spectra of typical novae should be the same before and after the flare, 

i.e., these are spectra of hot stars. After the flare, as in recurrent novae, 
these are either continuous spectra or spectra with the characteristic 
bright lines and bands of Wolf—Rayet stars and with occasional traces of 
nebular lines (which show a tendency to disappear with time). 

Soon after the maximum, when the first observations are generally 
made, the spectra of novae are those of ordinary A and F type supergiants 
with narrow lines shifted toward the violet by an amount which corresponds 
to approach velocities of a few tens or hundreds km/sec. N Her 1934 is 
the only nova which showed bright emission lines of hydrogen and metals 
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a few days before the maximum, these lines disappearing at the maximum. 
The shift of the spectral lines of this nova also decreased toward the 
maximum. 

The line shifts in this premaximum absorption spectrum should be 
interpreted as a result of the expansion of the star. The swelling of its 
luminous surface accounts for the increase in brightness and at the 
maximum the star is a true supergiant with radius exceeding hundredfold 
the solar radius and temperature corresponding to the observed spectral 
type. 

At the maximum, the premaximum spectrum is rapidly replaced by the 
principal absorption spectrum, which shows a much greater shift 
(about 1000km/sec) and is of a somewhat later type than the previous. 
Immediately after the maximum the principal spectrum develops wide 
bright bands in the original (unshifted) positions of its lines, which are 
flanked by greatly displaced absorption lines of the principal spectrum on 
the violet side. 

This spectrum, with prevalence of hydrogen lines and a great number 
of iron and titanium lines, is the most characteristic spectrum of novae. 

When the brightness of the nova has declined by about 1 stellar magni- 
tude, the so-called diffuse spark spectrum develops, which com- 
prises diffuse hydrogen and ionized metal lines shifted even farther toward 
the violet. It also has its own typical bright bands. 

The diffuse spark spectrum coexists with the earlier principal spectrum 
and is gradually enhanced. At a certain stage it is reinforced by the 
"Orion’’ spectrum, which consists of the characteristic absorption 
lines (with emission bands) of the "Orion" stars, i.e., B-type stars. The 
Orion spectrum is also gradually enhanced. 

Before the onset of the transitional stage of the light curve, the diffuse 
spark spectrum vanishes, the Orion spectrum is at its peak development, 
and a bright NIII 4 4640 A line appears. Then the Orion spectrum also 
vanishes, and the bright lines of gaseous nebulae appear. The intensity 
of these nebular lines increases. At the middle of the transitional stage, 
the last of the absorption lines of the principal spectrum disappear. At 
the end of the transitional stage the spectrum of a nova is reminiscent of 
the spectra of planetary nebulae; the only difference is that the stellar lines 
appear as wide bands and the continuous spectrum is not as strong as in 
nebulae. These spectra are characteristic of the nebular stage; they 
persist for a long time and are no less characteristic of novae than the 
earlier spectra. As the star approaches the stage of stable luminosity, and 
the spectrum is generally very weak, the nebular bands disappear and the 
spectrum becomes indistinguishable from that of a Wolf—Rayet star with 
He II bands and bands of multiply ionized atoms. This spectrum is some- 
times retained permanently, showing secondary transient changes. In some 
stars the Wolf— Rayet bands gradually grow fainter, and the spectrum 
develops into a continuum, with bright emission in the ultraviolet. 

If the brightness drops catastrophically in the transitional stage, the 
spectrum acquires numerous forbidden lines of ionized iron, which disappear 
at the beginning of the nebular stage. 

Thus the succession of the spectra of novae also follows some regular 
fixed pattern, which is associated with the light variation phases, although 
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the duration of these phases is determined by the rate of light variation 
and the light amplitude affects the length of the late spectral stages. 

Figure 109 shows photographs of the spectrum of N Cyg 1920 in four 
principal stages of spectrum variation (from top to bottom: at the 
maximum, at the beginning of the declining branch, at the beginning of the 
nebular stage, and toward the end of the nebular stage). 

The spectra of novae are designated Q, but in view of their great variety 
decimal subdivision is introduced, indicating the spectral phase. 

In the course of secondary light fluctuations, the spectrum at the 
maxima develops into a "later" type and the continuous spectrum is 
enhanced. At the minima a reverse situation is observed, 

Despite these common regular properties, the spectrum of each star 
has its own individual distinctive features, which are sometimes quite 
prominent. These individual features are reflected in band widths, line 
shifts, line structure, and relative line intensities. They are the outcome 
of certain characteristic differences in the process of nova eruption and 
in chemical composition. 

Some stars, for example, show very strong neon, oxygen, or carbon 
bands, whereas in other stars the bands of these elements are weak. The 
nebular lines also reach various intensities. Forbidden lines of ionized 
iron or CN absorption bands are sometimes observed. 

The structure of the bright bands is highly complex, especially in the 
nebular stage. They show individual maxima or split in phase with the 
semiperiodic light fluctuations of the nova. 

The systems of absorption lines show a particularly complex structure 
in the epoch between the maximum and the nebular stage. A complex 
emission band is overlapped and limited on the violet side by several 
absorption lines, which sometimes belong to several components of the 
principal, diffuse spark, and Orion spectra, as well as to some other, 
less persistent spectra. Their intensities are all variable; the shift of 
these lines also changes systematically in one direction or other. The 
intensity sometimes fluctuates, and the number of dark components is 
different for different emission bands. Some stars show up to 9—10 
systems of absorption lines. The shifts of the dark lines correspond to 
radial velocities from a few hundreds to 4000 km/sec. 

The average shift of the principal spectrum lines linearly increases 
with the rate of decline of the nova. Correct interpretation of the spectra 
of novae and study of their changes requires extensive experience, great 
care, and of course a continuous series of high-quality spectrograms. 

The dispersion of the instrument is not particularly significant in this 
respect. 

§63. Nebulae illuminated and ejected by novae. A filamentary, roughly 
circular nebula was discovered around N Per 1901 some six months after 
the eruption. The radius of the nebula increased at a rate of 11' annually, 
and its brightness declined, so that in 1902 the nebula became invisible. 
Its spectrum in 1902 was found to be identical with the spectrum of the star 
at the time of the maximum (1.5 years previously). This result, combiried 
with considerations of the distance of N Per 1901 and the rate of growth of 
the nebula, showed that we were dealing in this case with a propagating 
light wave which illuminated the dust nebula as it advanced. The high- 
power light wave radiated by the nova at the maximum illuminated the ori- 
ginally invisible nebula which apparently surrounded the star. 
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Similar, though less prominent, effects are probably observed in 
connection with other novae also. 

The assumption that the wide bright bands in the spectra of novae are 
associated with a transparent expanding gaseous nebula ejected by the 
erupting star at the maximum was confirmed by direct observations. 

In 1916 a small nebula was discovered around N Per 1901, whichis still 
expanding at a rate of about 1"' annually. It had a typical gaseous spectrum 
with lines split along the middle. A transparent expanding nebula with a 
hollow interior will obviously account for this splitting, since at the 
apparent center the front hemisphere moves with maximum velocity toward 
the observer and the rear hemisphere recedes from the observer. Judging 
from the amount of line splitting, the nebula expands at a rate of 
1200km/sec; the expansion seems to have begun at the time of light 
maximum. Figure 110 shows some photographs of the nebula taken in 1917 
and 1943. 


FIGURE 110 


Subsequently similar gaseous nebula were discovered virtually around 
all the bright, i.e., near, novae. Some 12 novae revealed this effect. 

In 1928 splitting of N Pic 1925 was observed, and in 1935 splitting of 
N Her 1934; in both cases the two components receded from each other 
(Figure 111: a shows the star and the envelope in blue light, b is the 
envelope in the [OIJI] green light, c the envelope in [NII]} light in July 1942, 
d-ditto in August 1942, e shows the structure of the [OIII] lines). 
Subsequently these effects were identified with condensations in the nebulae 
ejected by the stars. Eventually these condensations dissipated. The 
bright nebular bands and their complex structure in the spectra of novae 
are associated with the structure of the ejected envelope and the orientation 
of the condensations relative to the line of sight. Inhomogeneity of the 
ejected envelopes is evidence of the explosive nature of nova eruption. 
Qualitatively the splitting explains some difficulties and transient features 
inspectra. Indeed, the absorption lines are produced by light being absorbed in 
different layers of the ejected envelope, which move with different 
velocities and have different temperatures and densities, that further 
change rapidly as the envelope expands. 
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FIGURE 111 


Direct observations of ejected nebulae have shown that the visible 
emission of the envelope in the nebular stage is considerably stronger 
than the star itself, the difference sometimes reaching a few stellar 
magnitudes. On the other hand, the brightness of the star measured by 
various techniques in fact corresponds to the resultant luminosity of the 
star and the envelope. The star itself accounts for the continuous spectrum, 
whereas the band emission is associated with the ejected envelope. If 
the so-called "bright band effect''is ignored, the observed brightness of 
a nova does not give a correct result for its radius and luminosity in 
different phases of evolution. 

The nebular lines grow weaker in the combined spectrum after the 
nebula has dissipated appreciably. The nebula invariably expands at a 
uniform rate, much faster than the parabolic velocity. The formation of 
planetary nebulae following eruptions of novae is therefore definitely ruled 
out. Moreover, the ejected mass is three orders of magnitude less than 
the mass of the average planetary nebula. 

The first masses of nova envelopes were determined by a variety of 
methods by Ambartsumyan and Kozyrev. They estimated the density of 
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the envelope (from its radius) at the time of the maximum, when the density 
begins falling. From that stage on, the continuum brightness decreases 
and the apparent magnitude of the star grows. An alternative method, 
applied by other astrophysicists, estimates the nebular mass from the 
intensity of the nebular lines. This method is based on Zanstra's theory 

of emission of planetary nebulae, whose masses are invariably determined 
in this way. A correction must be introduced for the concentration of 
ionized atoms whose lines are inaccessible to spectroscopic observations 
for some reason. 

The various methods gave fairly consistent results. The masses of the 
ejected envelopes were found to range from 10° to 10 * of the solar mass. 
The envelope mass gradually increases (after the shedding of the principal 
envelope, the star goes on ejecting stellar matter continuous), and the 
rate of increase is apparently higher the higher the maximum luminosity 
of the star. 

While in the Wolf— Rayet stage, the nova apparently also loses some 
of its mass by continuous ejection of atoms from the surface, though ata 
slower rate. 

§64. Physical conditions in nebulae. The emission of ejected envelopes 
seems to be partly due to photoelectric ionization of atoms followed by 
their recombination (as in gaseous nebulae) and partly to collisons with 
faster particles continuously ejected from the surface. The increase in 
the temperature of the exciting star and the decrease in the density of 
the expanding envelope gradually raise the ionization. When the dilution of 
radiation, which increases with distance from the star, reaches a certain 
level (corresponding to densities of about 10 g/cm’), the envelope emits 
the characteristic forbidden lines of gaseous nebulae. 

Unfortunately, it is not clear whether the envelope is detached from the 
nova at the beginning of the eruption or only at the maximum phase. At 
any rate, an envelope separating at the maximum should be much thicker 
and denser than the reversing layer of supergiants. 

The electron density in the envelope drops from 10°cm~? to about 
10°cm* at the peak of the nebular stage; these values are close to the 
densities of planetary nebulae. The electron temperature of the envelopes 
is determined from the intensity ratio of the nebular lines, using the theory 
of emission of gaseous nebulae; it is found to range from 4000 to 9000°, 
remaining fairly constant with time. These figures are also close to the 
electron temperatures of nebulae. The likeness of processes and conditions, 
which continuously change in the envelope of each individual star, makes 
their study particularly valuable for the understanding of processes in 
nebulae, which expand at a much slower rate. However, the theory of the 
processes in rapidly expanding envelopes is much more complicated. 

Sobolev's theory gives a good fit for the intensities of the bright lines. 
A much more difficult task was to obtain an adequate fit for the various 
emission band profiles predicted by the theory in the spectra of expanding 
transparent nebulae. In principle emission band profiles show whether the 
motion of atoms in the envelope is accelerated or decelerated, whether on 
receiving momentum the particles move by inertia or otherwise, and so on. 
Comparison of the different theories with observations is very difficult, 
however, since the profiles of the bright bands are partly distorted by 
superimposed absorption lines. 
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The various spectral features of expanding envelopes were treated in 
great detail by Mustel. In his opinion, the envelope is detached together 
with the reversing layer (whose thickness is comparable to the radius of 
the star at the maximum). The powerful luminous flux of the tremendous 
photosphere hitting the envelope from below imparts an additional momentum 
to the lowermost layers. The atoms ejected at a later stage with very high 
velocities from the surface of the star catch up with the envelope and sustain 
its emission by collisional excitation. The momenta transferred from these 
atoms to the envelope increase its velocity from the inside to the outside, 
and the premaximum spectrum is replaced by the principal spectrum with 
greater Doppler shift. 

The diffuse spark spectrum is produced by high-velocity atoms ejected 
at a later stage from the exposed hot layers of the star. Atoms ejected 
from the still hotter interior layers are responsible for the Orion spectrum. 
The short-lived dark lines are produced by gas clouds intermittently ejected 
from the interior; these clouds rapidly dissipate or move aside so that they 
are no longer projected onto the star and stop absorbing the photospheric 
light. 

Various complex features in the envelope spectra, however, still have 
no explanation. The identification and interpretation of the apparent 
features observed in the spectra on different days are possibly not always 
correct in view of their complexity and variability, so that the theory is 
sometimes concerned with nonexistent effects. 

Radiation pressure is apparently not the only factor in the expanding atmo- 
sphere responsible for the separation of the envelope: explosive effects, 
possibly with the participation of electromagnetic forces, also make a 
certain contribution. The shedding of the envelope is analogous to a 
certain extent to the ejection of solar prominences, although this isa 
phenomenon on an entirely different scale. The structure of the envelope 
ejected by novae points to the existence of magnetic fields. 

$65. Physical effects in the eruption of novae. While the processes 
which take place in the ejected envelope are clear in the main, the 
behavior of the erupting star has not been elucidated. Certain difficulties 
arise because of the absence of spectroscopic data for the rise branch of the 
light curve, except the phase immediately preceding the maximum. 

At any rate, it is clear that a very hot star, similar to O-type stars 
before the eruption, will evolve to a cooler A or F supergiant at the 
maximum. Near the maximum the spectrum of the star is mainly 
continuous. The rise branch is therefore mainly associated with an 
expansion of the luminous photosphere, which also compensates the fall in 
temperature. Calculations show that prior to the eruption the star is hot 
with radius somewhat larger or much smaller than the radius of the Sun, 
whereas at the maximum the diameter of the star exceeds the solar 
diameter at least hundredfold. 

The increase in brightness due to the expansion of the photosphere is 
confirmed by the shift of the absorption lines in the spectrum: this 
definitely shows that the front hemisphere of the star moves toward the 
observer. 

Comparison of the linear expansion velocity obtained from line shifts 
with the rate of expansion calculated from the observed increase in 
brightness gives the radius of the star at different phases of the rise 
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branch. The results, however, are at variance with some other findings. 
On the rise branch of N Her 1934 the hydrogen and metal lines had different 
shifts, which decreased with time and became equal at the maximum 
(Figure 112). 
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The theory of absorption line profiles in the spectrum of an expanding 
star leads to the conclusion that the lines should shift, expand, and become 
highly skewed. In fact, however, the skewness of the shifted lines is 
somewhat different from the theoretical prediction, probably because of 
interaction with nearby emission lines. The actual line width is much less 
than predicted. 

These effects are generally explained as follows. 

Long before the maximum, the photosphere becomes highly extended 
and the limb darkening is much more pronounced than for the Sun. The 
extent of this photosphere in fact determines the brightness of the star. 

The reversing layer responsible for the absorption lines in the pre- 
maximum spectrum is also extended, and its expansion velocity may differ 
from that of the photosphere. The expansion of the luminous surface is 
therefore not quite equal to the expansion of the reversing layer which 
produces the line shift in the spectrum. Moreover, the reversing layer of 
N Her was stratified. The metals apparently began moving awz2y from the 
center at an earlier stage, whereas hydrogen started later but w:th higher 
velocity. The hydrogen layer gradually caught up with the metals, the two 
components intermixed and continued moving with some common velocity 
up to the maximum. According to Mustel's calculations, the radius of the 
photosphere of N Her at the maximum reached 330 solar radii, and the 
radius of the reversing layer was 500 solar radii with a thickness of 170 
solar radii. After the maximum the brightness fell and the envelope 
separated from the star. 

So far no decision could be made between two competing hypotheses. 
According to one point of view, the star expands as one whole from the time 
of eruption to the maximum, and after the maximum it shrinks to its initial 
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radius. According to another point of view, the star as a whole does not 
change its radius. The outermost layers are detached at the very first 
phase of the eruption process; they form the expanding envelope which 
thereafter is observed as a growing nebula. The declining branch begins 
at the point where the expanding envelope becomes so thin and rarefied 
that its continuous emission is insignificant, and the exposed hot 
surface of the star shows through. This apparently explains the steady 
increase in temperature after the maximum. 

The increase intemperature after the maximum is evident from measure- 
ments of the distribution of energy inthe continuum; before the maximum 
the spectrophotometric temperature falls and it actually continues falling 
for some time after the maximum. The minimum temperature reaches 
6000— 7000° and under certain conditions CN absorption bands appear. 

Further increase of temperature leads to the appearance of lines of 
multiply ionized elements in the spectrum. Application of the theory of 
emission of gaseous nebulae to the bright bands of the envelope spectrum 
gives the temperature of the exciting star. At the peak of the nebular stage, 
the temperature of the star reaches 100,000°. 

During the secondary brightness fluctuation, the temperature falls 
at the maxima and increases in the minima. Belopol'skii's spectro- 
grams of N Per 1901 give temperatures of 30,000 for the maxima 
of the transitional stage and 40,000° for the minima (allowing for 
the bright band effect mentioned in the preceding). The radius of the 
star was thus found to oscillate from 0.5 to 1.5 solar radii, increasing 
at the maximum. The electron density in the envelope changed accordingly. 
These findings show that the secondary maxima on the light curve in no way 
can be interpreted as flares against a background of generally diminishing 
brightness. The minima are conversely periods of significant deficiency in 
the radiation of energy by the star. 

Figure 113 shows curves of variation of the apparent magnitude, the 
continuum intensity, andthe shift of three systems of absorption lines for 
N Aql 1918. 

Such oscillations are apparently the result of continuous ejection of gas 
from the star, which continues after the detachment of the envelope. When 
the ejected gas becomes transparent (e.g., following a decrease in the rate 
of ejection or acceleration of expansion), the observer sees radiation 
originating in deeper lying hotter layers of a smaller radius, and the 
apparent magnitude of the star increases. When the opacity of the expanding 
atmosphere is high, the brightness increases, but the effective temperature 
falls. Though the star on the whole may not contract, its effective radius 
after the eruption definitely decreases since after all the ejection of gases 
forming a dense dynamic atmosphere with continuum emission around the 
star stops eventually. 

The masses of novae constitute another highly important topic. Binaries 
with known orbital motions were not observed among the novae for a long 
time, so that no direct determination of their masses was possible. 

The absorption lines in the spectra of novae before and atter the maximum 
reveal systematic variations, their shifts increasing and decreasing. The 
decrease of the line shift is regarded by some authors as the result of 
gravitational deceleration of the shell, caused by the attraction of the 
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central star. If this is indeed so, the results give only lower-bound 
masses, since the gravitational deceleration is partly offset by radiation 
pressure from the inside. 


FIGURE 113 


The masses calculated in this way were found to range between wide 
limits for different stars and also for the same star according as different 
lines were used. The masses of N Gem 1912 were found to fall between 
150 and 1170Mz>. On the other hand, the various masses calculated for 
N Her generally do not exceed the mass of the Sun. 

Walker (1945) made the astounding discovery that N Her 1934 was an 
eclipsing binary with an extremely short period of about 4.5 hours. 
Irregular light fluctuations superimposed on an Algol-type curve interfere 
with the exact determination of the orbital elements, the radius, the 
temperature, and the mass of each component from the light curve. It is 
clear, however, that the mass is at most equal to a few solar masses, and 
is probably much less than the mass of the Sun. Alongside with these 
irregular features, strictly periodic oscillations of variable amplitude (up 
to 0™.1) and a period of a mere 1.18 min were discovered. The companion 
of N Her 1934 is a cold dwarf. N Aur 1891 was also found to be an eclipsing 
variable with extremely short-period oscillations. 

These discoveries further complicate our notions of the physical nature 
of novae. It is particularly intriguing to establish whether or not N Her 
1934 was a binary before the eruption and which of the two components (if 
not both) actually erupted. One of the components is 3 mag weaker than 
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the other. The distance between them is a mere 300,000km. Since among 
all the other stars even the masses of supergiants do not exceed 100 solar 
masses, and novae in the normal state are stars of average or even very 
low luminosity, most astrophysicists regard with considerable reservation 
the disproportionately large masses obtained from spectral line shifts. 

The energy lost by the star is another important factor which has 
bearing on the physical changes occurring during the eruption. Detailed 
calculations were performed by Vorontsov-Vel'yaminov, who obtained a 
great diversity of values for different stars. No absolute figures could be 
obtained, however, since the masses are not known and it is uncertain 
whether the envelope is detached at the beginning of the eruption or at the 
maximum. 

The energy loss is made up of three components: 1) the energy 
expended in separating the envelope of mass m from the star (its mass being 


M and radius r): 


BE=ac@m. 
o— ’ 


r 


2) the energy E, expended in the expansion of the ejected shell of volume V 
at temperature 7; this energy is a function of time, 


where pis the average molecular weight and #f is the gas constant; 3) the 
kinetic energy E, of the envelope; 3) the radiant energy /, radiated by the 
star during the explosion, minus the energy radiated by the normal star in 
the same period. 

Possibly a better characteristic than £, or the absolute energy losses is 
provided by the ratio of these losses to the normal radiation of the star in 
a comparable period or in the period between two successive eruptions. 

These ratios in fact characterize to what extent the eruption constituted 
a catastropic phenomenon and what its contribution to the overall energy 
balance of the star was. 

If the envelope separates at the maximum, £, is the principal loss 
component; it is virtually independent of the light variation amplitude, 
| as 10°— 10% erg for all novae. This is 10‘— 10° times the annual energy 
radiated by the Sun. If, however, the shell is separated in the initial stages 
of eruption, Z,is slightly greater than £,. 

On the whole the energy losses in both cases are less than the quantily 
of energy required to convert a normal star into a dense white dwarf. 
Energy considerations thus also show that eruption alone cannot involve 
radical changes in the interior stellar structure. The eruption does not 
alter substantially the general structure of the star and apparently only 
affects the outermost layers. 

The ratio of the energy lost in the eruption to the energy radiated 
between successive eruptions is of the order of unity for typical novae 
(even if millennia pass between successive eruptions). In other words, 
the eruptions do not make an outstanding contribution to the total energy 
budget of the star. Let £ be the total energy radiated by a normal star in 
a period required to radiate the entire explosive energy at the rate 
corresponding to the maximum of the light curve. Then the ratio £,/E is 
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found to increase with amplitude, reaching about 50 for recurrent novae and 
sometimes exceeding 500,000 for typical novae. For very slow novae 

(n Car), £,/Eis as high as 10’. This ratio is a measure of the disturbance 
in the energy balance of the star during the eruption. Its value provides a 
better description of the nova than the amplitude, since it allows for the 
individual shape of the light curve. The various hypotheses of nova 
eruptions naturally must explain all these data. 

§66. Novae in other galaxies and their position on the Hertzsprung— 
Russell diagram. Spatial distribution. We have noted that at the maximum 
the novae are supergiants, but no exact data are available on their 
maximum luminosities. The novae are distant stars, their trigonometric 
parallaxes are unreliable, and their proper motions are poorly known, 

Novae were repeatedly observed in other galaxies. In M31 (the 
Andromeda Nebula), 108 novae were recorded. Arp carried out a special 
observation project during 1.5 years and concluded that 26 novae should 
erupt annually in M31. Their light curves and spectra (observed only near 
the maximum) are identical to those of novae in our Galaxy. Their 
frequency increases toward the center of the Andromeda Nebula. The 
Magellanic Clouds contain very few novae, and only one nova has been so 
far observed in a galactic globular cluster. It is therefore not quite clear 
whether or not the novae are preferably associated with a certain star 
system. Observations in other galaxies at known distances provide an 
indication of the absolute magnitude at the maximum. For the novae in 
M31, Hubble found .1/= -7".0 on the old distance scale, which gives 
-9”".3 on the new scale. 

The determination of absolute magnitudes by various Statistical 
methods (from the intensities of interstellar calcium lines, their shifts due 
to galactic rotation, etc.) gives the average value A{= -7%.5. Payne- 
Gaposchkin found ~7".6 (1954). 

One of the best methods for obtaining the individual parallaxes is by 
comparing the angular rate of expansion of the ejected envelope with its 
linear velocity (measured from the spectrum). Some authors, however, 
overestimate the value of this method: after all, there is considerable 
divergence in the varicus estimates of the angular diameters of nebulae and 
it is not clear what line-of-sight velocity is to be assigned to the given 
expansion velocity. 

More detailed analyses have shown that the luminosity of a nova at the 
maximum is apparently related to the rate of decline soon after the 
maximum by a logarithmic formula of the form 


M = —10.542.21g ty, 


where ¢, is the number of days for the brightness of the nova to decline by 
3" from the maximum. For very fast novae 44 = —8".2, for moderate 
novae —6™.5, and for the slowest novae (RT Ser) M= —3".6. 

Given the individual absolute magnitudes of novae at the maximum (from 
the steepness of the rise branch and other data) and their amplitudes, we 
can find the absolute magnitudes before and after the eruption. The 
luminosities after the nova stage are found to range between wide limits, 
from +1™ to +9” and fainter. The normal luminosities of novae are thus 
characterized by great diversity. This, and not their likeness to the Sun's 
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luminosity, is the typical feature of novae in the normal state. In terms of 
luminosity, the brightest of these stars are close to A-type main-sequence 
stars, and the faintest are reminiscent of white dwarfs. The tremendous 
range of normal luminosities of novae rules out the suggestion that the 
erupting stars constitute a physically homogeneous, unique group. Different 
evolutionary stages are present among these stars. 

Since the dispersion of luminosities at the minimum is much greater 
than the spread at the maximum, recurrent novae are generally the brightest 
in the normal state, and stars with a small amplitude of the light curve 
which erupt less frequently are mainly white dwarfs. The temperature of 
novae in the normal state cannot be found with any precision because of 
fundamental measurement difficulties for stars with extended and stratified 
envelopes. At any rate, their temperatures are the highest among all 
known stars, approaching the similarly high temperatures of O—A stars, 
Wolf— Rayet stars, and nuclei of planetary nebulae. 

Between successive eruptions, the novae on the whole form the so-called 
white-blue sequence in the Hertzsprung— Russell diagram (discovered by 
Vorontsov-Vel'yaminov in 1946). Together with the nuclei of planetary 
nebulae, which are characterized by a somewhat smaller dispersion of 
luminosities, they occupy a vertical strip on the HR diagram which begins 
in the field of white (more precisely blue, the hottest) dwarfs and does not 
quite reach the normal O—A stars. The gap between the two sequences 
is completely filled with Wolf—Rayet stars, which have a similarly large 
dispersion of luminosities. It is significant that in the HR diagram the gap 
between the stable hot giants and dwarfs is continuously filled by the least 
stable of stars, such as novae and possible Wolf—Rayet stars and nuclei 
of planetary nebulae. Greenstein's recent research has shown that other 
low-luminosity hot stars also exist, somewhat masking the white-blue 
sequence. 

Knowledge of the abolute magnitudes of novae make it possible to study 
their distribution in the Galaxy. They show a pronounced concentration 
toward the galactic plane, and even more marked concentration toward the 
center of the Galaxy; on the whole the novae constitute an intermediate 
system between the disk and the halo components. 

Their distribution is greatly reminiscent of the distribution of planetary 
nebulae; they are furthermore close to the nucleiof planetary nebulae in 
terms of their luminosity, dispersion of luminosity, and temperature. 

The natural question to ask at this point is whether the planetary nebulae 
are in fact gaseous envelopes ejected by novae. However, the masses of 
the planetary nebulae are 3-4 orders of magnitude greater than the masses 
of envelopes ejected by novae; moreover, the nova envelopes expand very 
rapidly and in no case did they decelerate to produce a stationary nebula 
around the ex-nova. Many of the nova envelopes are exceedingly small, so 
that they are invisible even through the largest telescopes despite their 
relative proximity to the Sun. 

Some novae apparently erupted in the intergalacitc space, where as we 
know RR Lyrae stars, globular clusters, and possibly a multitude of 
other stars exist. Fragmentary observations of these novae, however, are 
insufficient to prove their existence. 

The spatial distribution of novae in M31 is very clear. They occur all 
the way out to the visible edge of the galaxy, mainly in the direction of its 
major axis, showing a marked concentration toward the center. 
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§67. Nova-like stars. In §59 we have mentioned the ambiguous definition 
of this class and the considerable uncertainty in the classification of 
variables and even some stable stars assigned to this category. In this 
section, we will not consider P Cyg stars, U Gem and Z Cam variable 
stars, and hot variables of the y Cas type. Peculiar stars, suchas T Tau 
stars, are not considered either. They were treated in Chapter IX. 

The typical specimens of the "nova-like" group are hot stars: whose 
spectrum and imperceptible or slight flucutations of magnitude are 
reminiscent of novae between eruptions. Al]l these stars have high 
apparent magnitudes (11—12"). Many of them are thus probably real novae 
which have not erupted so far in the brief epoch of our science. 

Note that the spectra of some of these stars show typical features of 
G,K, and M stars. Here, as in the case of T CrB, we are probably dealing 
with binaries comprising a cold star and a hot nova-like companion. 

The most typical nova-like stars are Z And (8".9—12".8), R Agqr (7".5— 
12.0), BF Cyg (9%.3—13".4), CI Cyg (10".5—13".2), AX Per (9".4—127.5), 
RX Pyx (11".1—14".1), and others. Figure 114 shows the spectrum of 
BF Cyg. 
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FIGURE 115 


V Sge (9".5—13".2) is similar in all respects to these stars, but its 
spectrum does not contain a late-type component. The spectra of all these 
stars, with rare exceptions, contain wide emission bands of hydrogen, 
helium, ionized helium, nitrogen, and other elements on a continuous 
background, and also the forbidden lines characteristic of gaseous nebulae. 
Tiny nebulae are actually observed around Z And and R Aagr, and it is here 
that the nebular lines are excited. The relative intensities of the lines and 
the background are variable, as in novae between eruptions; the variations 
in spectrum are particularly pronounced when the light is variable and, as 
in novae near the maximum, the high-temperature continuous spectrum is 
enhanced and the cold spectrum grows fainter and may even disappear 
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altogether. This provides evidence of the binary constitution of these 
stars, where the hot, nova-like component is the more variable of the two. 
It is only in R Agr that the cold component is a long-period red variable 
with an amplitude of up to 4 mag. Z And shows variations of radial velocity 
with the period of light variation (about 680 days). Some authors tried to 
resolve the observed light variation curves of Z And and R Aqr into the 
individual curves of the cold and the hot components. Figure 115 shows the 
light curve of Z And resolved into the curves of the red (circles) and the blue 
(dots) components. 

Some of these stars near the maximum show P Cyg lines—wide bright 
lines with dark violet satellites shifted toward the violet as in the spectra 
of novae. The nebular lines in this phase disappear or grow weak, i.e., 
these spectra show a great resemblance to the evolution of typical nova 
Spectra. 

Z And stars provide a unique possibility of a simultaneous study of a 
great many emission lines, since the numerous emission lines in their 
spectra are all narrow and do not overlap. All these stars show consider - 
able fluctuations of structure and radial velocity. The ejection of gas in 
these stars is not very powerful. 

§68. P Cygni stars. As we have mentioned at the beginning, these stars 
cannot be considered as "permanent novae,'' especially in view of the 
current tendency to classify as a P Cygni star any star whose spectrum 
shows at least one absorption line with a red emission component. Thus 
some authors will even classify a Cyg, a typical stable supergiant, asa 
P Cyg star, since its H, line shows a weak emission component in high- 
dispersion spectra. It should be remembered that the cBleq spectrum of 
P Cyg itself shows extremely bright and wide lines of hydrogen, helium, 
and other elements, the absorption components showing shifts of from 
—28 to 300km/sec. The spectrum of P Cyg (Figure 116) differs from the 
spectra of typical novae in the fairly early stages of the declining branch 
only in that the lines are somewhat narrower. 

About a dozen stars with P Cyg spectra were discovered in the Large 
Magellanic Cloud, where they are among the brightest stars. Their 
absolute magnitude is on the average close to ~7™ on the new scale of 
distances. They include the brightest known star 5 Dor, with absolute 
magnitude of —8".9 at the maximum. This is an eclipsing variable, 
however. Both its components are apparently P Cyg stars, with absolute 
magnitudes of close to -8".2. They are both small-amplitude irregular 
variables. ‘There are certain indications that the absolute magnitude of 
P Cyg also ranges from -5”to -—7™. The absolute magnitudes of such 
individual stars naturally cannot be determined with any reliability in our 
Galaxy. A number of stars exist, however, which possess a P Cyg 
spectrum and variable magnitude, although they are not supergiants. At 
any rate many of these stars have apparent magnitudes of 10"—11™ and 
are located at fairly high galactic latitudes, so that their luminosity should 
be fairly low. 

The very weak nova-like companion of R Aqr occasionally shows a 
P Cyg spectrum; the companion of o Cet, a white or intermediate dwarf 
with absolute magnitude of + 6", and other stars also fall under this 
category. 
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Most of the P Cyg stars are of Bor Otype. Beals (1951) counted 69 
known P Cyg stars in the Galaxy and the Magellanic Clouds; his list 
includes Deneb (cA2keaq), Z And, the companions of R Aqr and 0 Cet 
(B8eq), e Aur (F2eaq), Rigel (B7eaq), n Car, p Sgr (B8efq), B Lyrand others. 

This generalized population now includes a great variety of stars, 
whereas the original P Cyg stars were B-type supergiants with numerous 
bright and fairly wide lines with dark components, If we stick to the 
original definition of P Cyg stars, the Large Magellanic Cloud, apart from 
S Dor, contains but a single variable of this group. The other 8 stars 
observed in this galaxy are not variable, like numerous galactic stars of 
this type. 

No one would have ever thought of classifying the P Cyg stars as novae 
had it not been for the curious history of P Cyg itself. In 1600 this was a 
3™ star, and earlier it apparently had been even fainter. By 1625 it had 
dropped to 6” and then progressively grew fainter. In 1655 its brightness 
increased to 3”.5 and after that it again became ‘invisible.'' Thus 
fluctuating between "invisibility" and 6", it steadied at 4".9 in 1715, and 
minute brightness fluctuations can now be detected only with an 
electrophotometer. 
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Other stars with similar spectra probably also underwent similar 
changes, although this is not quite plausible for such stars as Deneb, 
Rigel, « Aur, and 6 Lyr. 

P Cyg stars are apparently supergiants with highly extended and 
unstable atmospheres in a state of steady and fairly slow expansion. 
Occasionally the ejection of surface matter sustaining the extended atmo- 
sphere subsides and the underlying normal photosphere supplies a substan- 
tially reduced luminous flux: the star thus grows fainter as its extended 
atmosphere is temporarily dissipated. If this is indeed so, the phenomena 
occurring in the atmospheres of P Cyg stars seem tobe the exact opposite 
of the effects in the atmospheres of novae. The nova in its normal state is 
characterized by total absence of any dense extended atmosphere, whereas 
P Cyg stars are normally shrouded in an extended atmosphere which is 
occasionally dissipated. P Cyg stars should be closer to Be stars, or to 
B stars in general, rather than to novae. This conclusion is also supported 
by the frequent variations in the magnitude and the spectrum of Be stars 
and the existence of a whole range of stars with transitional spectra 
between P Cyg and Be types. For example some stars, variables included, 
show Be spectra with bright Fell lines. One of these stars, XX Oph, often 
shows very bright lines of the same structure as P Cyg; its declining phase 
takes substantially less time than the phase of constant maximum 
luminosity. Similar effects are observed for Z CMa. In the spectrum of 
RW Peg (a B-type star) all the Balmer lines are very bright; in other stars, 
only some of the Balmer lines are bright, mostly Haand Hgor only Hae, 
which is sometimes observed only as a weak component and occasionally 
disappears. 

We are thus led to the following general conclusion: B-type stars are 
often characterized by transient or steady conditions which favor the 
formation of fairly extended atmospheres of variable height, density, and 
stability. When these atmospheres are relatively tenuous and almost 
Stationary, they fluoresce in accordance with Rosseland's theorem: 
hydrogen atoms undergoing recombinations emit in a number of Balmer 
lines. These atmospheres, ''suspended"' like the reversing layer of the 
Sun, are probably made up of pure hydrogen. 

P Cyg is known by its anomalous yellow color and energy distribution 
in the continuum which corresponds to a much lower temperature than its 
spectrum. According to some authors, the temperature of P ‘yg inferred 
from the energy distribution in the continuous spectrum was found to fall 
from 8300 to 5700° on passing to longer wavelengths, whereas its spectral 
type corresponds to temperatures near 20,000°. This effect is in good 
qualitative and quantitative agreement with Kozyrev's theory of extended 
atmospheres, which leads to similar anomalies in energy radiation. 
Recent findings seem to indicate, however, that the anomalous yellow color 
of P Cyg is entirely attributable to interstellar absorption. Other stars of 
this type have not been studied, and the question of the true color of P Cyg 
remains open. 

The theory of line profiles in the spectra of P Cyg stars has been 
developed in some detail. It considers absorption, radiation, and 
Scattering processes in an expanding atmosphere, and the theoretical 
results show a good fit with observations. 
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The mass lost by a typical P Cyg star following the expansion of its 
atmosphere is estimated at about 10°” solar masses annually. This figure 
is determined by the rate of expansion, the size of the star, and the density 
of the atmosphere (a quantity which is not easily determined). The high 
rate of mass loss indicates that if P Cyg stars have been ejecting stellar 
matter continuously, they could not exist for more than 10 —10° years. 

No direct mass determinations are available for these stars. The mass of 
the eclipsing binary S Dor is found to be between 60 and 160 solar masses 
from its luminosity and general statistical relations for spectroscopic 
binaries. 

Note, however, that most of the stars grouped under this category, e.g., 
some stars in Perseus, are characterized by an extremely low rate of 
ejection, as is evident from the presence of a single k~ight hydrogen line in 
their spectra. Their mass loss rate is therefore thousands of times less 
than for typical P Cyg stars. If the mass ejection rate is markedly 
decreased along the declining branch of the star (which took nearly a 
century for P Cyg), most of the stars classified under this category may 
have easily existed for 10° years and longer in this phase. They are thus 
older than many of the ordinary stars, provided that their age is not limited 
by considerations connected with the release of radiant energy. 

§69. Late-type nova-like stars. Late-type variables, frequently 
associated with nebulae, and in particular RW Aur and T Tau stars, are 
sometimes classified as nova-like stars. All these stars are of spectral 
types F5—G5 and are apparently subgiants. They are regarded as nova- 
like stars because R Mon and T Tau show low-excitation bright lines (H, 
Ti, and Fell) with violet absorption compcnents. In the spectrum of 
T Tau these components show a shift of -165km/sec. It is not clear 
whether this shift is associated with ejection of matter from the atmosphere 
or simply the presence of ascending atmospheric currents, since the 
observed velocity is much less than the parabolic velocity at the surface. 
These stars are surrounded by small weak nebulae and are physically 
connected with variable comet-like nebulae. Other stars with similar 
variations have pure absorption spectra and are not associated with any 
bright nebulae. If the spectra of these stars show emission lines, these 
lines grow stronger toward the maximum, at variance with the behavior of 
emission bands in the spectra of novae. These stars, grouped under the 
same category only according to photometric signs of irregular light vari- 
ation, are apparently physically different, and the main difficulties are 
associated with the variability of their spectra which is linked with light 
variation and has been hardly studied. T Tau stars have recently attracted 
much attention: these are extremely young stars forming associations 
(as discovered by Ambartsumyan). 

At any rate it is clear that the presence o. bright spectral lines is 
definitely insufficiently for classifying a star as nova-like. Stars with 
bright lines may be of fundamentally different nature, with different 
atmospheric processes and different origin of the bright lines, and we still 
do not know what general classification they fit. 

For example, it is significant that stars of the above type are not 
markedly different in their spectra from other stars described below. 
Moreover, UZ Tau and UV Cet stars are similar to the rest in another 
respect, namely the irregular light fluctuations. 
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UZ Tau is a dwarf, with its spectrum varying from dM3 to continuous. 
As the star approaches the maximum, the spectrum develops numerous 
bright lines, some of them forbidden. Similar spectra with bright lines of 
various intensities and multiplicities, though without nebular lines, were 
observed for other dMe dwarfs related to UZ Tau; these were YY Gem 
(the companion in the double system of Castor), HD 196982, BD +19°5116, 

‘and others. 

The 'flaring" UV Ceti variables, undergoing occasional brief flares, 
also show similar spectra. Proxima Centauri (a component of the a Cen 
system) is close or actually. related to these stars. There is an as yet 
imperceptible transition from this group to dMe stars of constant brightness, 
which sometimes show only bright components near the calcium H and K 
lines. T Tau stars and the weak variables in the Orion Nebula, showing 
spectra with a wide range of emission intensities, are apparently all related 
to these stars also. Some of the weak stars in the Orion Nebula have 
spectra with periodically appearing and disappearing strong Ha emission 
line, although the brightness of the stars remains constant. While some of 
the late-type dwarfs with dMe spectra are situated in bright or dark 
nebulae, others (Proxima Centauri) are not associated with any nebulae. 

Besides late-type dwarfs and subgiants with emission lines and "nova- 
like'' features in their spectra, there are also G—M giants and supergiants 
with bright, sometimes forbidden, lines; these include VV Cep, p Cas, 

WY Cem, Ross 1985, W Cep, WY Vel, W Ser, and others. In some cases 
these stars probably have an invisible or almost invisible hot and nova-like 
companion, which is responsible for the bright lines and their variation. 
This may not be always the case, however. At any rate, the forbidden 
bright lines which often require high excitation and ionization, are observed 
not only in red giants but also in red dwarfs, where a hypothetical low- 
luminosity hot companion would immediately reveal itself by a continuous 
spectrum superimposed on the spectrum of the cold M-type dwarf. 

There is a possibility that the recently discovered nebulous objects of 
extremely low luminosity are in fact the hot and invisible sources exciting 
the emission in nebular and other bright lines in the spectra of systems 
comprising a cold dwarfs anda giant. Thus, near NGC 1999 Herbig and 
Haro discovered 7 nebulous objects, the brightest with stellar magnitude of 
17.5, and the rest much weaker. It is not clear at this stage whether these 
nebulous spots a few seconds of arc in diameter contain an even weaker 
star or whether they are not stars at all in the usual sense of the word. 

At any rate, if these are stars, they are neither red nor yellow. They, 
or more properly the surrounding nebula, give an extremely weak continuous 
spectrum on which are superimposed a very bright Ha. line, weaker [O1] 
and [SII] lines, and still weaker [OII], Call, [Fell], [Ne III], and other lines. 
This spectrum is simitar to that of the T Tau nebula. The absolute stellar 
magnitude of these mysterious objects is below 9” (assuming that they are 
at the same distance as the apparently nearby Orion Nebula), and the 
absolute magnitude of the source of continuous emission in these objects is 
at most +12" (assuming that the continuous spectrum is not emitted by the 
smallest of these nebulae). 

In summing up we see that there is a continuous gradation of stellar 
spectra which mostly belong to irregular variables and to a certain 
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(possibly very small) extent are reminiscent of the spectra of novae. 

These spectra merge either with the spectra of normal hot supergiants of 
types cA and cB, or the spectra of hot dwarfs and ultradwarfs, or else 

the spectra of medium-type subgiants and spectra of red giants and dwarfs. 

The common feature of these stars with novae is the presence of extended 
atmospheres with ascending currents of hot gases, which as a rule do not 
produce ejection of stellar matter. They all should have a source of more 
or less powerful ultraviolet radiation. A hot star generally (though 
possibly not always) acts as a source of this radiation. In some nova-like 
stars it is hot and solitary, whereas in others it is only a weak and often 
invisible component of a system. 

If novae are regarded only as very hot stars of medium and low 
luminosities which flare occasionally and eject an extended envelope in 
the eruption, nova-like stars should include only the Z And variables. 
Most of the other stars described as nova-like in the preceding are of 
fundamentally different physical nature. The only common feature for all 
the nova-like stars in the broad sense of the term is the presence of more 
or less extended or nonstable atmospheres or possibly nebulous envelopes. 
Further seeing that the spectra of cepheids and some eclipsing variables 
also develop or contain emission lines, we conclude that solitary and 
multiple stars of a great variety of types are characterized by an 
extraordinary diversified selection of atmospheres which are more extended 
and more active than the Sun's atmosphere. The evolution of large classes 
of stars is apparently governed by additional factors which are still 
unknown. 

§70. The mechanism of nova eruption. The theory of novae is often 
regarded as the theory of various processes taking place during the 
eruption, and not the theory of the eruption as such. Some of these 
theories have been developed in considerable detail, e.g., the theory of 
Ambartsumyan and Gordeladze which explains the light curve of novae as 
the result of expansion of an optically thick envelope whose optical thickness 
falls abruptly near the maximum and the star starts showing through the 
gas. An adequate theoretical model has been developed for the abrupt drop 
in brightness followed by a slow recovery as observed for N Her 1934, and 
a number of other effects. 

As regards the eruption proper, a number of hypotheses have been 
advanced, but it is not clear whether the eruption is confined only to the 
outermost layers of the star or affects the interior also. At any rate, it 
has been established that the eruption is caused by quasiperiodic buildup of 
instability in stars of a certain type: these are extremely hot stars witha 
wide range of luminosities, which invariably fall between the luminosities 
of white giants and white dwarfs. 

According to some hypotheses, this instability is associated with 
external factors: planets impacting on the star surface, interaction with 
nebulae, etc. Other hypotheses link the development with interior 
processes —increase of temperature following nuclear reactions, and so 
on. Lebedinskii developed the mathematical theory of a shock wave 
propagating in the stellar interior, which strips a symmetrical or asym- 
metrical envelope off the star on reaching the surface. 

According to Birman, the instability develops at a certain depth where 
radiant equilibrium changes over to adiabatic equilibrium. In this case 
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the star should be poor in hydrogen and helium, and the occurring changes 
lead to a release of ionization energy. 

Another theory, also developed in some detail, is that of Gurevich and 
Lebedinskii, who reach the conclusion that a medium-luminosity hot star 
will readily erupt on reaching an interstellar hydrogen cloud with an 
increased deuterium content. The deuterium accreting to the star produces 
a zone of nuclear reactions which lead to energy excess followed by thermal 
explosion at a certain depth below the surface. The various theories, how- 
ever, ignore the existence of the white-blue sequence on the HR diagram, 
where the novae for some reason join on one end the hot giants and on the 
other the white dwarfs. Vorontsov-Vel'yaminov has suggested that this 
sequence, or at least part of it, reflects the true course of evolution. 

If we accept the inevitability of a decrease in luminosity with decreasing 
mass, the luminosity of novae must diminish as they lose mass in succes- 
sive eruptions and by continuous ejection of matter between the eruptions, 
in the Wolf—Rayet stage. It therefore seems highly probable that an 
erupting nova moves down along the white-blue sequence, and its eruptions 
become less frequent in virtue of the amplitude—frequency relation. Novae 
with particularly large amplitudes which erupt very seldom, at intervals 
of millions of years, are already blue dwarfs. The gradual evolution 
of novae into stable white dwarfs can hardly be questioned. 

Less certain is the starting premise of Vorontsov-Vel'yaminov, who 
maintains that some of the hot giants develop into recurrent novae on 
passing through the Wolf—Rayet stage. It is not clear what giants are 
capable of this development. Presumably, suitable candidates are those 
with the highest masses or possibly hydrogen-poor giants. Note, however, 
that the galactic concentration of Wolf—Rayet stars is much more prominent 
than that of novae; moreover, the Wolf—Rayet stars are mostly binaries. 
This is possibly a side line in the evolution of hot and massive supergiants, 
which have thus found a way to get rid of the excess mass. Yet some of the 
absorption O-type stars are known to be poor in hydrogen, e.g., HD 160641. 
This star has an anomalous radial velocity, +100km/sec, and the members 
of this group are therefore expected to show lower galactic concentration 
than the ordinary O-type stars (approaching the concentration of novae). 
Numerous hot stars have been discovered in high galactic latitudes; they 
are possibly related to the low-luminosity stars occasionally found in 
globular clusters where novae erupt from time to time. 

The evolution of novae deserves special attention, since so far this is 
the only class of stars which evolve while losing mass at a high rate that 
can be measured directly, whereas the substantial corpuscular loss of 
mass by other stars has never been observed in fact. 

§71. Supernovae. Stars which flare suddenly to a very high maximum 
(much higher than the maximum of typical novae) and then decline gradually 
like novae are known under the unfortunate misnomer of supernovae. 

No galactic supernova has been observed after Tycho Brahe, who wit- 
nessed a supernova explosion in 1572. In retrospect, we can assign to 
galactic supernovae the stars which erupted in 1604 in Ophiuchus, in 1572 in 
Cassiopeia, in 1054 in Taurus, and some other stars, which like the 
supernova in Taurus are described only in ancient chronicles. These 
reports naturally do not give reliable information on the luminosities of 
supernovae or on the dispersion of their luminosities. Telescopic 
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astronomy, however, has recorded a few dozen supernovae in other 
galaxies. According to these observations, the average absolute magnitude 
of supernovae on the old distance scale is —14", the individual magnitudes 
fluctuating from —10" to -18". It is not clear to what extent this dispersion 
of luminosities is significant and whether or not the supernovae constitute 
a direct continuation of the ordinary novae, whose upper~-bound magnitudes 
reach -10”" and even -11". This difficulty stems from the fact that we can 
never be certain of catching the exact maximum of a Supernova; moreover, 
the distances to other galaxies are known with very low accuracy. We 
recall that even the distance modulus of the Andromeda Nebula has a 
probable error of 1".5. The available dispersion estimates of the lumi- 
nosities of galactic novae are also uncertain. 

Yet the light curves of novae are seldom reminiscent of the gradual and 
slow curves of supernovae, and the complete dissimilarity in their spectra 
points to fundamental qualitiative differences between novae and supernovae, 
despite the fact that the luminosity of some supernovae exceeds the lumi- 
nosity of the brightest novae at the maximum by less than two orders of 
magnitude. Zwicky (1962) identified five different types of supernovae. 

The light variation amplitude of supernovae and their luminosities 
before and after the eruption are not known, since individual stars are 
never visible in the other galaxies at these phases, and in our Galaxy the 
pretelescopic supernovae have not been identified with any certainty. 
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FIGURE 117 


We distinguish between two types of spectral variations in supernovae; 
type I has been studied in greater detail than type II. The studied range 
covers amplitudes of up to 8 mag. Near the maximum the continuous 
spectrum of type I supernovae shows no distinct lines, and no absorption 
lines are observed altoghether. Later, very wide emission bands appear, 
which cannot be identified with known spectral lines. Figure 117 shows 
the tracing of the spectrum of a type I supernova in NGC 1003 51 days and 
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339 days after the maximum. The band widths show the emission originates 
in gas expanding with velocities of about 6000km/sec. 

The ultraviolet end of the spectrum is weak, and it grows weaker with 
time. In the visual spectrum the unidentified emission bands change their 
intensity and structure. Six months after the maximum, red lines 40A 
wide appear, which are identified with [OI]. Their intensity increases, 
and eventually they remain the only observable feature in the spectrum. 

In the photographic region, the structure and the brightness of bands 
do not change, bu: the band centers invariably shift toward the red, the 
shift reaching 150A after one year. 


FIGURE 118 


The attempts to explain the type I spectra as a superposition of the 
parabolic band profiles of typical novae, assuming broadening of up ta 
+6000km/sec, are not very convincing. The spectra of type Il supernovae 
have a bright ultraviolet end, and the absorption and emission lines in the 
spectrum are more or less identifiable with the lines of hydrogen, ionized 
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nitrogen, and other elements appearing in the spectra of typical novae. 
(Figure 118 shows the original and the broadened spectrograms of the 
supernova of 1936 in NGC 4273 and of the supernova of 1926 in NGC 4303. 
The photograph on top is NGC 4273; the right photograph shows the super- 
nova.) The spectra of type II supernovae are nevertheless definitely 
different from the spectra of typical novae. The luminosity of type II 
supernova is on the average two stellar magnitudes less than the luminosity 
of type I supernovae. 

The paucity of data leads to contradictory conclusions concerning the 
frequency of supernova explosions. The most probable estimates are 
apparently the following. Type I supernovae are related to Baade's 
Population II stars, and type II supernovae mostly explode in Population I 
regions. Type II supernovae (9 in number) were observed only in Sb and 
Sc galaxies, whereas type I supernovae occur in galaxies of all kinds, their 
frequency, however, increasing in Sc and E galaxies. In an average galaxy, 
a type I supernova explodes on the average once every 2000 years, and in 
a giant galaxy, like the Milky Way, the rate of occurrence is once every 
400 years. Type II supernovae are 6 times more frequent, exploding once 
every 30 years ina giant galaxy. There are naturally enormous fluctua- 
tions in these figures. Thus, in our Galaxy three type I supernovae exploded 
in 500 years in 1% of the galactic volume, and not a single type II supernova 
was observed. On the other hand, at least two supernovae were observed 
in three other galaxies within a few decades. 

The fate of type II supernovae is completely unknown, but type I 
supernovae often produce peculiar rapidly expanding nebulae. The size 
of these nebulae, however, often varies between wide limits. 

The spectrum of the Crab Nebula in Taurus is entirely different from 
the typical spectra of planetary and diffuse nebulae. More than 80% of the 
total energy is radiated in the continuous spectrum. The weak hydrogen 
lines indicate that the nebula is poor in hydrogen. The emission lines in 
the central part of the nebula are split, revealing a radial expansion with 
velocities of about 1000km/sec. Figure 119 is the spectrum of the Crab 
Nebula showing the split lines. Comparison of direct photographs taken 
after a prolonged interval reveals definite expansion of the nebula. 
Assuming uniform expansion, we find that it began some 900 years ago 
(in other words, this is the age of the nebula). The position of the Crab 
Nebula in the sky is very close to the reported position of the supernova 
of 1054, described in Chinese and other chronicles. 

It is thus fairly certain that a supernova exploded in Taurus in 1054 
and its position is now marked by an unusual expanding nebula with an 
inconspicuous white central star of 16", which is probably the residue 
of the star that exploded nine centuries ago. 

Baade's photographs taken through narrow -band filters show that the 
continuous spectrum is emitted by an extended luminous mass of 
amorphous shape (Figure 120). The gaseous spectrum, on the other hand, 
is emitted by thin filaments which cut through the amorphous mass in 
the tangent plane and form a sort of a network enclosing a sphere 
(Figure 121). 

The nebula, and not the central star, is one of the most powerful radio 
sources in the Galaxy. The continuous spectrum emission and the radio 
waves of the nebula constitute the bremsstrahlung of relativistic 
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(exceedingly fast) electrons inthe magnetic field of the highly ionized nebula. 
This hypothesis was confirmed by Dombrovskii and Vashakidze, who 
observed the theoretically predicted strong polarization of light from this 
nebula. The central star is not necessarily identified with the ex-supernova. 
It has a weak yellow neighbor. The temperature of the ex-supernova cannot 
be less than 100,000°. Different mass estimates are available for the 
nebula, depending on the particular emission mechanism used. Its probable 


mass is apparently near 0.1 M+. 


FIGURE 121 


The peculiar nature of the Crab Nebula encouraged the search for other 
similar nebulae in regions marked by supernova explosions. Minkowski 
found a weak nebula near the site of the supernova of 1572. A radio source 
was also discovered there, although it was 10 times less powerful than the 
Crab Nebula. The site of the supernova of 1604 is also marked by a very 
small and very faint nebula, similar to the Crab Nebula incertain respecis. 
Its spectral lines are virtually the same, although not split, but the 
continuous spectrum is weak. A conspicuous radio source was also 
identified with this nebula. The radio power, the brightness of the nebula, 
and the time after the eruption of the parent supernova are thus in no way 
related with one another, and the supernova explosions show a great 
variety. 

The extraordinarily powerful radio nebula in Cassiopeia (Cassiopeia A) 
in Shklovskii's opinion is the remnant of the supernova of 369 described in 
ancient chronicles. The optical nebula 2'.5 in diameter identified with the 
radio source definitely expands and its random velocities reach about 
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1500km/sec. This is consistent with the hypothesis of formation of unusual 
expanding radio nebulae on the site of supernovae, although no two such 
nebulae are alike. 

The various hypotheses and theories of supernova explosions (e.g., the 
evolution of normal stars into collapsed neutron stars) are still largely 
unfounded because of the paucity of observational data. 

It should be noted, however, that of all the known natural phenomena 
involving tremendous changes ina relatively short time (on the cosmic 
scale, that is), supernova explosions are the most prodigious and the 
farthest from anything that we can ever hope to accomplish in our 
laboratories. 
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Part Four 
DIFFUSE MATTER 


The upper ~bound value obtained from dynamic considerations for the 
overall mass of diffuse matter in the Galaxy is equal to the combined mass 
of the stars. The actual mass of the diffuse matter, however, is one or 
two orders of magnitudes less than the combined stellar mass (radio 
observations show it to be 2% of the total galactic mass), but even so it is 
a substantial component of the Galaxy. 

Diffuse matter occurs mainly in two forms: fine dispersed dust and low- 
density gaseous matter. Both forms of diffuse matter exist as discrete 
formations — nebulae — and as a continuous background of highly variable 
density. The two extreme schools of thought regard the interstellar 
medium (1) as a perfectly continuous medium, and (2) as being completely 
composed of numerous discrete, but small, nebulae or clouds. In fact 
the bulk of the diffuse matter is apparently distributed as a continuous but 
highly inhomogeneous substrate with various motions and condensations of 
a variety of scales and densities. However tenuous the diffuse matter in 
certain parts of the Galaxy, it imperceptibly merges into even more tenuous 
diffuse matter which fills the intergalactic space. 

All forms of diffuse matter show a pronounced galactic concentration. 

Galactic nebulae are divided into gaseous and dust nebulae in te:ms of 
their physical nature and into bright and dark nebulae in terms of their 
external appearance. Dust nebulae are either bright or dark, but they all 
have an irregular, diffuse outline. Nevertheless, certain dark nebulae, 
known as globules, have very small diameters and fairly sharp, though not 
always circular, outline. Among the bright gaseous nebulae some are 
diffuse whereas others are very small and sharply outlined: these are the 
planetary nebulae with a weak star — the nucleus of the nebula — at the 
center. Planetary nebulae show a lower galactic concentration than the 
rest of the diffuse matter, and like the dust globules they constitute the 
most discrete formations of the diffuse matter. 

The interstellar gas is also observed using its characteristic absorption 
lines in the spectra of distant hot stars and a variety of radio-astronomical 
techniques. 
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B,A. VORONTSOV-VEL'YAMINOV 
Chapter XII 
GASEOUS NEBULAE 


§72. Description of planetary nebulae. There are over 600 known 
planetary nebulae at present, mostly discovered by Minkowski in the 
1940's. They show a moderate concentration toward the galactic plane, 
like the novae (Figure 122). They are greatly concentrated toward the 
center of the Galaxy, again like novae, and are probably part of the 
constitution of the galactic nucleus. In globular clusters there is one known 
nova and one known planetary nebula. 


i ae) Se aes 
be. flnlk-Z@=ITIINCKWR SSE" 
SLI LISS, 
LL = 
lor 
_\ 


LLL 
LLP OL LL 
Zi Lf ee “i 
EE 
L_ 
area 


LL 

/] 
ff i LA VAAL RRR SSS 
|_|° aye 

‘ 


[| 
4 | | 

\¥| ratsd 
| 


SG Hie 


ee ce ee o< UO 
SQ OD” 1205 
e>lErF 


FIGURE 122 


The integrated photographic magnitudes of the known planetary nebulae 
range from 6.5 (NGC 7293 in Aquarius) to 18" and higher. Visually they 
are on the average 1.5 mag brighter, since they are greenish in color, and 
occasionally reddish due to interstellar absorption. The apparent diameters 
of the planetary nebulae do not exceed 15! (the Snail in Aquarius). The 
diameters of numerous nebulae are 5—15"' and less, so that a considerable 
number of planetary nebulae do not show any visible disk. These are star- 
like nebulae, which can be distinguished from stars only spectroscopically: 
the characteristic gaseous spectrum generally contains the forbidden green 
[OIII] lines. 
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The average surface brightness of planetary nebulae ranges between 
limits. It is correlated neither with the integrated brightness nor with t 
angular diameter of the nebulae. 

The planetary nebulae are small, so that their structure can be resol 
only with powerful instruments. 


FIGURE 123 
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Morphologically the planetary nebulae are classified into the following 
groups (Figure 123): 
I— star-like (a), 
Il — regular illuminated disk, 
Ila — with brightness concentration toward the center (b, NGC 6572), 
IIb — uniform brightness, 
lI — disks with nonuniform brightness, 
Illa — patchy structure (c, NGC 1501) 
IIIb — traces of a ring (d, NGC 6058) 
IV — ring nebulae (e, NGC 7293, f, NGC 1535), 
V — transitional type between planetary and diffuse, 
VI — anomalous nebulae (g, NGC 7009). 

The unusual shapes under Category VI are quite significant. Some 
nebulae are composed of two envelopes — a bright inner envelope and a 
weaker outer envelope. The bright ring is often seen against the background 
of a weaker disk of fairly moderate brightness. Ring nebulae are somewhat 
elliptical in shape. The Snail Nebula appears 2s two intersecting rings of 
equal diameter. 

A nucleus star is situated at the center of each planetary nebula. This is 
generally a weak star, which is often very difficult to detect. The nucleus 
is often weaker than the surrounding gas envelope. 

The nuclei of planetary nebulae are the hottest known stars. Their 
spectra are absorption O type, Wolf—Rayet type (with bright emission 
bands), or possibly continuous, without any lines. The temperatures of 
the nuclei also increase in this order, but they are never less than 
30,000°. The central position of the nucleus leaves no doubt as to the 
genetic relation between the star and the nebula. 

§73. The spectra and the light of planetary nebulae. Slit spectrographs 
reveal numerous spectral lines and make it possible to determine the radial 
velocities of the nebulae. Slitless spectrograms give the distribution of 
various wavelengths inside the nebula. 

The nebular spectra are very diversified (Figure 124), which points to 
different degrees of ionization and excitation in the nebular envelopes. Some 
spectra show a predominance of hydrogen lines, as in diffuse nebulae. 

The most typical feature of the planetary nebulae, however, are the strong 
green lines, originally identified with a hypothetical element "nebulium,"' 
which are now known to be the forbidden lines of doubly ionized oxygen 
[OllI]. Allin all, the number of forbidden lines in the spectrum is often 
greater than the number of observed allowed lines. The continuous spec- 
trum sometimes does not show or is extremely weak; often it is observed 
only beyond the Balmer limit, i.e., it is produced by recombination of 
protons with electrons followed by transition of the captured electron to 
the second level. The nebular spectra as a rule contain lines of one 
chemical element in different stages of ionization: e.g., [OI], [OI], and 
[Olli]. This is never observed in stellar spectra under conditions of 
thermodynamic equilibrium. 

The nebular spectra show the presence of H, He, C, N, O, S, Ne, F, 
Cl, A, Fe. The relative intensities of the lines of these elements vary 
between wide limits. 

The distribution of different wavelengths in nebulae is distinctly 
stratified. On the whole, the higher the ionization potential of the atom 
or the ion the smaller is the radius of the corresponding emission zone 
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around the nucleus. Stratification considerations, however, should allow 
for the actual structure of the nebula, which so far has been ignored. The 
forbidden lines of atoms with high ionization potentials and low excitation 
potentials, on the other hand, are emitted approximately in the same 
regions with the hydrogen lines, since they are excited by collision with 
free electrons, supplied mainly by the almost completely ionized hydrogen. 
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FIGURE 124 


The nebular lines are narrow, so that th: small-scale turbulence in the 
nebulae is insignificant, although the electr m temperature reaches about 
10,000°. Large-scale turbulence sometime: reaches velocities of a few 
kilometers per second. 

Tue spectral lines observed with the spectrograph slit aligned along the 
diameter of the nebula often show a definite splitting, which increases 
toward the apparent center of the nebula (Figure 125). Zanstra's is the 
only correct interpretation of this e*fect: he xttributes it to radial expansion 
of the nebulae with velocities from a few km,sec to 40km/sec. It exceeds 
the parabolic velocity at the corresponding distance from the nucleus, and! 
the nebula will continue expanding at this 1 ite until it is completely 
dissipated, unless the drag of the medium or coriplex radiation pressure effects 
decelerate it sufficiemly. Sutnthe drag and the radiation pressure are unknown 
factors. The effect of radiation pressrre for rec] nebulae made up of a mixture 
of gases is highly complex h-- -:-e ~! suatificalic.., ceoclain dif’-~ences in 
velocities, and possible ve'~ ‘.y gradierts in the nebula. 
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FIGURE 125 


The light from the receding, rear hemisphere of an expanding nebula 
also reaches the observer since the nebular gas is perfectly transparent, 
especially in the forbidden lines. The spectrallines are therefore not only 
curved but actually split. 

The age of planetary nebulae, assuming constant expansion velocity, 
if often as low as a few thousand years; direct measurements of the angular 
expansion velocity from photographs often confirm this conclusion. 

The line intensities in nebular spectra, in particular the Baimer decre- 
ment, the intensity and the energy distribution in the Balmer continuum, 
are adequately explained by the theory of bright gaseous nebulae advanced 
in Chapter XVI. Analysis of spectroscopic data gives the mass of the 
envelope, its quantitative chemical composition, electron temperature, 
the temperature of the nucleus, the density of the envelope, and the nature 
of various processes in the nebula. 

Note that the theory of diffuse gaseous nebula and extended envelopes 
around certain stars is largely based on the theory of planetary nebulae, 
mainly developed by Menzel, Aller, Zanstra, Ambartsumyan, and Sobolev. 
The reason for this is that various processes take place in planetary nebulae 
in their pure form, without interference from other factors; the exciting 
star is situated symmetrically at the center of the nebula, and the nebula 
itself is fairly symmetric in space. The spectra of planetary nebulae 
are also more accessible. 
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Without going into details, we will only indicate that the source of nebular 
luminosity is the hot nucleus at the center of the nebula. The envelope absorbs 
almost completely the ultraviolet radiation emitted in large quantities by the hot 
nucleus. Each ultraviolet quantum of the nucleus is re-emitted in one of 
the allowed lines of the subordinate spectral series of hydrogen and helium. 
The light is emitted through photoelectric ionization of atoms followed by 
recombination with free electrons which then cascade to the ground level. 

The forbidden lines are produced by a different mechanism. Sufficiently 
fast free electrons collide with some atoms exciting them to a low-lying 
state: a low excitation energy is required since this state is close to the 
ground state. The nebula will emit in these lines if the gas density is low 
and the gas is far from the star (high dilution of incident radiation). 

The theory shows that certain lines can be excited by special random 
mechanisms (Bowen's mechanism), but it is not clear whether these 
mechanisms actually exist. Hydrogen in nebulae is 10 times more abundant 
than helium, and thousands of times more abundance than C, N, and O. 

The atomic content of other elements is negligible. 

The intensity of the [OIL] 4363 A line in the spectrum of NGC 4997 
dropped by a factor of 2.6 over a period of 40 years. This is apparently 
associated with the decrease of electron temperature as the nucleus 
becomes cooler. 

The envelope mass of a typical planetary nebula is estimated at 
0.01— 0.1 solar masses, and the density is 10 ~ — 10 g/cm’. The free 
path is thus tenths of an astronomical unit, and the time between suc- 
cessive collisions is a few minutes. These conditions have never been 
accomplished in terrestrial laboratories. Spectroscopic study of processes 
in planetary nebulae made a much greater contribution to atomic physics 
than the theoretical study of white dwarfs with their enormous densities, 
which are also unattainable in laboratories. 

§74. Distances, sizes, luminosities, and spatial structure of planetary 
nebulae. The distances to individual nebulae were generally determined 
by modifications of the method originally proposed by Vorontsov-Vel'yaminov. 
He established the low dispersion of the absolute integrated magnitudes of 
planetary nebulae. The mean absolute integrated magnitude is determined 
statistically, e.g., from the dependence of the radial velocity on distance 
for objects taking part in galactic rotation. The fairly constant luminosity 
of the expanding nebulae indicated that these were optically thick objects, 
whose hydrogen absorbed completely the ionizing ultraviolet energy of the 
nucleus. This argument, however, ignores the strong emission in the 
forbidden lines and the role of the nuclear temperature. The luminosity 
of a nebula apparently somewhat depends on the temperature of its nucleus: 
6, the difference in the stellar magnitudes of the nucleus and the entire 
nebula, increases with the increase in nuclear temperature. The apparent 
angular diameters of nebulae provided a poor indication of distances, since 
the nebulae are steadily expanding and their ages are all different. 

According to Vorontsov-Vel'yaminov (1951) for planetary nebulae 


M, = 0.04 — 0.226 


and on the average M, = —0”.5. 
The distances are obtained by correlating the absolute magnitude M, with 


the apparent magnitude m, and correcting for interstellar absorption. 
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Unfortunately, the interstellar absorption is very uncertain at the large 
distances where most of the known planetary nebulae are observed. 

The spatial distribution of the known nebulae is shown in Figure 122. 
The nearest nebula is the Snail in Aquarius, NGC 7293, which is distant 
290pc; its dimensions are 210X 260 thous. a.u. The smallest nebulae 
with a distinguishable disk have diameters of 2,000—3,000a.u., but some 
star-like nebulae are apparently much smaller. Among nebulae with clear 
disks, type-II nebulae are on the average the smallest (13 -10° a.u.), and 
nebulae of types III— V are on the average larger (67 10? a.u.). Some 
typical planetary nebulae have diameters greater than 1 pc. 

Shklovskii used the model of an expanding nebula which emits only in 
hydrogen lines and concluded that soon a ter the beginning of expansion the 
nebula should become optically thin: it will become partly transparent to 
ultraviolet radiation of the nucleus and its brightness will rapidly fall. He 
therefore suggests that the distances to optically thin nebulae can be 
measured from their angular diameters, assuming fairly constant masses 
and linear dimensions and correcting for surface brightness. At this stage, 
we cannot decide which of the methods is to be preferred. Moreover, we 
cannot distinguish with any certainty between optically thin and optically 
thick nebulae. Some astronomers regard ring and double-envelope nebulae 
as optically thin. The Ring Nebula in Lyra, in particular, is included in 
this category. Wurm, however, obtained for this nebula an excellent fit 
for the temperature of the nucleus using different lines in the spectrum. 
This is impossible unless the nebula is optically thick. There are also 
certain indications that the envelope masses of the nebulae are spread 
between wide limits. 

Although no universally accepted method is available for the determina- 
tion of distances to individual planetary nebulae, their average luminosities, 
masses, and densities are nevertheless true to orders of magnitude. 

Since the nebulae are perfectly transparent, especially in the forbidden 
lines, their spatial structure can be investigated from the apparent bright- 
ness distribution over the disk. However, because of the stratification of 
radiation in planetary nebulae (see Figure 126, which shows the isophotes of 
the planetary nebulae NGC 6543 (top) and NGC 7009 (bottom) at different 
wavelengths), it is better to work with a slitless spectrograph in mono- 
chromatic light. Vorontsov-Vel'yaminov found that the spatial density in 
NGC 6572 (associated almost entirely with protons) increases from 
10 7 g/cm? at the periphery to 2.5-:10° g/cm’ at a distance of 0.1 of the 
radius from the nucleus. The radius of the nebula was taken equal to 
5.5:10°a.u. The nebula expands at a rate of 2.5km/sec, and its mass 
is probably steadily replenished by gaseous matter ejected from the 
central star. It is thus clear that this nebula, and also all others, formed 
from the stellar matter ejected by the nucleus. The nucleus of NGC 6572 
is a Wolf—Rayet star, i.e., this is an object which steadily ejects gas at 
very high surface velocities. The gas ejected by the star is rapidly 
decelerated in the envelope by some unknown mechansim. The deceleration 
is possibly caused by electromagnetic forces, whose significance in 
planetary nebulae is quite substantial. 

The Ring Nebula in Lyra has a nucleus with a pure continuous spectrum, 
and the space between the nucleus and the interior part of the spherical 
envelope is a relatively high vacuum. The density in the envelope increases 
away from the nucleus, and then starts decreasing, dropping almost to zero 
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at the apparent periphery. The outer. weak envelope of almost uniform 
brightness points to the existence of gas around the bright ring envelope, 
where the overall density decreases in the equatorial plane. However, the 
optically emitting thickness of the nebula is constant along any radius. 


FIGURE 126 


The photometry of nebulae with nonuniform distribution of brightness 
does not lead to unambiguous results concerning their spatial structure. 
Numerous nebulae have most peculiar shapes with various loop-shaped 
appendages and bright twin spots at the center, so that their actual spatial 
structure is a mystery. Curtis's study of the apparent shapes of nebulae, 
carried out at the beginning of the century, was extended by Minkowski in 
the 1950's, who studied the stratification of radiation in great detail. 
Gurzadyan attributes some peculiar features of brightness distribution in 
nebulae to the effect of strong magnetic fields which influence the motion 
and the density of gas. Magnetic phenomena are apparently the only factor 
which can explain the curious forms and loops observed in planetary 
nebulae. 

$75. The nature of the nuclei. The temperature of nuclei is determined 
by Zanstra's method or one of its modifications (see Chapter XVI). The 
determination is based in the final analysis on the ratio of the luminosities 
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of the nebula in different spectral lines, which are the result of re~emission 
of the far ultraviolet energy of the nucleus. The temperature of the nucleus 
is thus inferred from a quantity not unlike the color index: we are comparing 
the energy in the visible spectrum with the far ultraviolet energy of the 
nucleus beyond the limit of the principal series of the particular atom. The 
temperature can be determined using the line intensities of different atoms 
and ions. The nucleus is assumed to radiate as a blackbody and the nebula 
is regarded as perfectly absorbing beyond the limit of the principal series 

of the particular atom. 

The validity of these assumptions is not certain. For example, the 
energy in a given spectral region is absorbed by different species of atoms, 
and one atomic species cannot be regarded as absorbing the entire energy. 
The radiation of the nuclei may differ from blackbody radiation. The color 
index of a blackbody at infinitely high temperatures has the limiting value 
-0",54, whereas the color indices of some nuclei are lower. The color 
index of the nucleus of the Ring Nebula in Lyra is -1”.5 or even —2”.0. 

This is however, a highly complex problem, since the continuous spectrum 
of the nebula and its emission beyond the Balmer limit are often super- 
imposed on the spectrum of the nucleus, lowering the color index. This is 
possibly the reason for the unusual color index of the Ring Nebula; spectro- 
photometric study of nuclei is hardly feasible because of their low 
brightness. Berman found that some nuclei showed a Planckian energy 
distribution in the visible spectrum with a temperature corresponding to the 
results of Zanstra's method. These were relatively low-temperature 
nuclei, with temperatures of about 30,000°. In cases when the allowed lines 
in the nebular spectrum give a higher nuclear temperature (as for Wolf— 
Rayet stars), the calculated temperature increases with increasing ioniza- 
tion potential of the particular atom. The temperatures estimated from the 
forbidden [OIIJ] lines are close to the lower limit value, whereas the 
temperatures estimated by Ambartsumyan's method from the 4 4688 A He Il/He, 
ratio are the highest. For example, for the nucleus of NGC 7027 

this method gives 165,000°; other methods give much lower temperatures, 
down to 43,000°. The line intensities are ulso affected by a whole range of 
additional factors. However, no attempt has been made to summarize the 
situation and to find out which of the various temperatures are closest to the 
actual temperature. Therefore, the commonly used numerical data for the 
temperatures of the nuclei are in fact fairly arbitrary figures and their 
significance must not be overestimated. 

The only certain thing is that the coldest nuclei are stars with O-type 
absorption spectra. Their temperatures are 25,000—30,000°. The 
temperatures of Wolf—Rayet nuclei are higher, generally reaching the 
normal values for stars of this type. The hottest nuclei are those with 
continuous spectra. The highest estimated temperature is that of the 
nucleus of NGC 6445, which is 170,000°. 

As the temperature of the nucleus increases, the difference between its 
visible radiation and the radiation of the entire nebula becomes larger. It 
has been established that some nebulae without any visible nucleus 
definitely have a nucleus, which remains unobservable against the back- 
ground of the high surface brightness of the nebula. 

Distance determinations of the individual nebulae made it possible to 
estimate the absolute magnitudes of the nuclei. The photographic magni- 
tudes of the nuclei were found to be much higher than those of normal 
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O-type and Wolf—Rayet stars and they showed a substantially preater 
dispersion, ranging from 0" to+7™, i.e., these are intermediate white, or 
more precisely blue, dwarfs. The hotter these nuclei, the lower their 
luminosities. The bolometric magnitudes show a smaller dispersion. 

Their masses are not known, but the statistical method gives figures 
close to 2 solar masses. (The mass—luminosity curve gives masses 
close to 5.) Since the bolometric luminosity of all the nuclei is fairly 
constant, we come to the following conclusions. 

The nuclei of planetary nebulae are a link in the white-blue sequence 
of the Hertzsprung— Russell diagram, lying between the normal Wolf— 
Rayet stars and the blue dwarfs. They are among the hottest known stars 
and their densities fall between those of Wolf—Rayet stars and white 
dwarfs. Their physical characteristics show a considerable spread. 

The attempts to discover Einstein's gravitational red shift in the spectra 
of nuclei did not give conclusive results. In one case a shift of +54km/sec 
was obtained, but other similar nuclei did not show any comparable effect. 
We do not know at what distance from the center of the star its spectral 
lines originate, either. 

Swings and O. Struve established that the spectra of nuclei differ from 
the spectra of normal Wolf—Rayet stars, although at a first glance there 
is considerable likeness between them. The bright bands in the spectra 
of the nuclei studied were found to be narrower than those in the spectra 
of normal stars, and the carbon bands in spectra with nitrogen were 
stronger than those in normal nitrogen stars with carbon in their spectrum. 
These differences, however, are not very significant and may eventually 
prove to be quite accidental. 

In conclusion note that the envelopes of planetary nebulae are genetically 
linked with their nuclei: they are most probably generated by the nuclei, 
although the exact mechanism of this effect is not clear. Shklovskii 
suggests that the nebulae are the result of dissipation of the atmospheres 
of some giant cold stars, e.g., RV Tau variables. 

$76. Emission nebulae and hydrogen fields. Originally only discrete 
bright nebulae of diffuse shape were known, e.g., the Orion Nebula. Their 
spectra, besides bright emission lines, show a distinct continuum 
(Figure 127), partly of unknown origin, as the continuum of planetary 
nebulae, and partly representing the spectrum of light scattered by dust 
particles in the nebula. The continuous spectrum is often very strong, and 
the weak lines are indicatory of low ionization and low excitation of the 
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The nebular spectrograph developed at the Yerkes Observatory led to 
the discovery of new objects in this class. The nebular spectrograph 
reduces the light losses when photographing the spectra of extended and 
exceedingly weak luminous objects, while retaining all the advantages of a 
slit spectrograph (which, however, are only partly utilized). In the 
nebular spectrograph, the high-speed prism camera is placed directly 
after a long and narrow slit, and no collimator is used. This slit is 
situated far from the camera (virtually "at infinity'' from the camera's 
viewpoint). Recently the slit has been replaced by a narrow mirror which 
rotates together with the camera tracking the celestial object, and the 
reflected light of the nebula hits a fixed plane mirror which is mounted up 
the scale at a distance of 20—40m from the camera; the fixed mirror is 
tilted so that its normal is directed to the South Celestial Pole. The light 
reitlected from this mirror reaches the prism camera. 

Photographs taken with the nebular spectrograph revealed new weakly 
luminous nebulae and very extensive parts of the sky were found to be 
faintly luminous in hydrogen light and in the light of other typical nebular 
lines. These large extended areas were called hydrogen fields, mainly 
because the Balmer lines were the strongest in their spectra. No distinct 
limits have been fixed between weak nebulae and hydrogen fields. 

Hydrogen fields are more easily detected on photographs taken with 
high-speed cameras through a red filter, which transmits the H, hydrogen 
line but blocks out almost completely the nearby continuum and the auroral 
red lines. Under these conditions, long exposures are possible without 
the danger of fogging. This method was applied at the Crimean Astro- 
physical Observatory by Shain and Gaze, and later by other observers as 
well. Their plates revealed a wealth of fine features in previously known 
nebulae and also showed new nebulae and hydrogen fields. 

It is impossible to say how many gaseous nebulae are known. Their 
classification is most disorderly, and one nebula often has more than ten 
different numbers, assigned to various visible features in it. Some 
nebulae are observed against the background of extended hydrogen fields, 
where each condensation and feature receives a separate number, irrespec- 
tive of the number assigned to the field as such. The number of items in 
Cederblad's catalogue, in the lists of the Crimean Observatory, and in other 
lists is close to one thousand. 

Statistical investigations of diffuse gaseous nebulae therefore rest on very 
shaky ground, unless we limit our sample to the brightest nebulae and 
carefully chart their limits irrespective of the enumeration system used in 
the catalogues. 

Using the brightest nebulae, Hubble established in 1921 that an O-type 
star or a BO star is generally observed inside the gaseous nebulae or near 
them. The glow of the diffuse gaseous nebulae is thus apparently excited 
by these very hot stars. Note, however, that the exceedingly hot Wolf— 
Rayet stars are seldom associated with gaseous nebulae. If stars of late 
B subtypes are observed in association with diffuse nebulae, this probably 
means that the spectral type of the star has been incorrectly determined. 
In certain cases, however, the nebulae are actually associated with Bl 
stars, and then the spectrum of the nebula is characterized by low excitation 
and low ionization, and sometimes the nebula shows a continuous spectrum 
produced by a scattering dust component. 
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Occasionally, small nebulae are clearly linked with late-type stars, 
whose spectra invariably show bright high-excitation lines. In these cases 
the nebula is apparently excited by invisible hot companions of the cold 
stars or by nova-like companions. An interesting example is provided by 
the nebula surrounding the red variable star R Aqr. 

The assumption that the diffuse nebulae, like planetary nebulae, are 
excited by nearby hot stars was verified by correlating the brightness of 
these stars with the diameter of the associated nebulae under conditions of 
equal exposure. 

If we assume that the visible light of a star of apparent magnitude m is 
not absorbed inthe nebulaand that the brightness at any point in the nebula 
is inversely proportional to the square of the distance of that point from 
the star, the range a, over which the nebula can be traced for a given 
exposure is theoretically expressed by the equality 


m+di¢a,=const. 


Observations show a good fit with this formula; hence the conclusion that 
the nebular glow is indeed excited by the star. 

Later it was established that the emission of allowed lines by the nebula 
was due to photoionization followed by recombination. The emission 
intensity in the hydrogen line should increase with the temperature of the 
exciting star, since the number of the ionizing ultraviolet quanta emitted 
by the star increases with increasing temperature. Having reached this 
conclusion, Zanstra determined the temperatures of the exciting stars 
from the brightness of the nebulae and obtained a good fit with the known 
temperatures of BO and O stars. 

However, there are a number of nebulae, filamentary nebulae in parti- 
cular, which seem to have no exciting star. Their emission is possibly 
attributed to high-velocity collision of gas or dust clouds. This collision 
produces a compression shock, and the temperature rapidly increases 
(Oort's hypothesis). The emission is sometimes attributed to electro- 
magnetic effects. 

The hydrogen fields present a more complex problem than the discrete 
nebulae. For example, the large circular weak nebula around A Ori is 
regarded as a hydrogen field 70pc in diameter. Formations 30 to 70pc 
in diameter are generally classified as hydrogen fields, to distinguish them 
from discrete bright nebulae whose diameter seldom exceed a few parsecs. 
Both the discrete emission nebulae and the hydrogen fields are sometimes 
referred to as HII regions, to distinguish them from the nonluminous HI 
regions of neutral hydrogen. 

The hydrogen fields in Cepheus, Cassiopeia, Cygnus, and Sagittarius 
are so large, however, that it is impossible to identify the exciting stars. 
Their spatial extent and dimensions therefore cannot be established either. 

It is not clear why whole clusters of hot stars, e.g., in Orion and 
Sagittarius, illuminate much smaller nebulae than a single star A Ori and 
why the glow of the nebula around A Ori is weak and almost uniform over 
the entire surface. This nebula is probably a plane layer of gas, and not 
a gas-filled volume. 

The gaseous nebulae and hydrogen fields show a pronounced concentration 
to the plane of the galactic equator, where the exciting hot stars concentrate. 
Moreover, these hot stars in other galaxies are concentrated in spiral arms, 
and it is in the arms that the gaseous nebulae should be looked for. 
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Indeed, M 33 in Triangulum contains severaltens of gaseous nebulae and 
in M 31 in Andromeda Baade discovered over 300 gaseous nebulae. Initially 
the brightest nebulae were detected in the spectra obtained with a slit 
spectrograph, and later in the spectra taken with an objective prism. The 
next stage was the search for gaseous nebulae on photographs shot through 
a narrow-band H-filter. Of all the spectral lines of diffuse nebulae, H, 
produces the maximum response in panchromatic plates. 

In these spiral galaxies the nebulae or the hydrogen fields are concen- 
trated in the spiral arms, sometimes very far from their nuclei. Their 
radial velocities make it possible to determine the law of galactic rotation 
at large distances from the center. 

A few dozen gaseous objects were observed in the Magellanic Clouds. 
Of these, 30 Dor has the brightness record. A number of nebulae in other 
nearby irregular galaxies were discovered and studied at the Crimean 
Observatory. 

In more distant galaxies, the presence of emitting gas is detected only 
from the total spectrum. The only indication of interstellar gas is the 
a 3727 & [OIl) line, which is exceedingly strong in low-excitation nebulae 
and is generally superimposed on the weak ultraviolet end of the galacitc 
continuum. The H emission line is more difficult to detect in these 
spectra, and the two lines are not always present simultaneously. This 
points to certain differences in the predominant gas emission in different 
galaxies. 

An even more significant feature is that emission lines are observed in 
the spectra of 80% of the late-type spirals Sc, Sb and especially in 
irregular galaxies, i.e., galaxies containing numerous hot stars and rich in 
interstellar dust. Fewer emission lines are encountered in early-type 
spirals, and only 20% of elliptical galaxies (E) show bright spectral lines. 

Since diffuse nebulae are on the whole associated with colder stars than 
the nuclei of planetary nebulae, their spectra show a lower degree of 
ionization and excitation. As arule, the [OIL] 'nebulium" line in their 
spectra is weaker than Hg, at variance with the spectra of most planetary 
nebulae. The strongest lines in the spectra of diffuse nebulae are [OII], 
and not [OIII]. The excitation and ionization of "hydrogen fields''is even 
lower. Here hydrogen lines are dominant, although [OII] lines are observed 
and there are also strong [OI] lines, which are characteristic of the auroral 
Spectra. 

The spectra of diffuse gaseous matter provide valuable information on 
the physical state of interstellar gas. For instance, nebulae excited by the 
collisional mechanism should have much stronger forbidden lines than 
nebulae fluorescing following excitation by the ultraviolet radiation of the 
nucleus star. 

The spectra of diffuse nebulae and fields in the Galaxy have been poorly 
studied, despite the invention of nebular spectrographs. The Orion Nebula, 
the Cygnus Loop, and the North America Nebula are the only ones which 
have been studied in any detail. The radial velocities, for example, are 
known only for about a dozen nebulae. 

In the unusually bright Orion Nebula, the radial velocities of different 
parts of the nebula were measured and semibiased local differences 
reaching 12km/sec were detected. It is difficult to interpret these 
differences, since the observed radial velocity is the average for entire 
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gas column in the direction of line of sight. Different authors variously 
attribute these results to rotation, expansion, or large-scale turbulence. 
Small-scale turbulence is responsible for smaller differences in radial 
velocities and for Doppler broadening of lines. In this respect, highly 
interesting results were provided by interferometric observations of the 
nebula in monochromatic light. 

Large-scale turbulence in nebulae is manifested in the form of curls, 
filaments, veinlets, and other features generally associated with turbulent 
flow. 

The onset of turbulence is generally determined by the Reynolds number 


(ss 
7 


where / is the diameter of the object, » are the relative velocities, 9 is the 
density, and 7 is the viscosity (v=n/o is the kinematic viscosity). For 
nebulae 10pe in diameter with kinematic viscosity of 10% cm?/sec, Ris 
close to 10°. Laminar flow gives way to turbulent flow for R>1000, so that 
nebulae are evidently gas formations in a state of turbulence. 


If 7, is the mean eddy velocity on a scale less than A, (k= *, we have 


according to Kolmogorov 


1 
v,, = Const A". 


The Kolmogorov eddy spectrum can be written in the form 


qcitc 


[— a,)*] =e? Jry— ryt, 
where », - ¢, is the difference in radial velocities between the points 7, and ry. 
Using this spectrum, we can study the turbulence of nebulae from obser- 
vations. 

For the Orion Nebula the n in the equality v,=const A® was found to lie 
between 1/4 and 1/2 and the smallest eddy elements are larger than 0.02 pc. 

Instead of searching for correlation between velocity differences and 
the separation of pairs of points, one can concentrate on surface brightness 
fluctuations in the nebula, assuming that they are entirely attributable to 
variations in the density of the emitting gas. In this way Aller found that 
the largest eddies in the Cygnus hydrogen field were up to 10pc in diameter, 
and their energy was gradually transferred to smaller eddies. However, 
Aller himself noted that brightness fluctuations may be due to other 
reasons as well. Apart from turbulence, they are affected by gravitation, 
magnetic fields, and various other factors. Collisional processes may 
give rise to shock waves. The electron temperature and the gas density 
in nebulae can be estimated from the intensity of spectral lines using the 
theory of physical processes in nebulae, described in Chapter XVI. 

The electron temperatures in gaseous nebulae are of the order of 
10,000°, i.e., they are not markedly different from the values obtained for 
planetary nebulae. The densities are on the average lower than in 
planetary nebulae: they range from a few atoms to a few tens of atoms in 
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FIGURE 128 


Most, if not all, diffuse nebulae are mere condensations in the general 
substratum of interstellar gas. This, however, does not mean that the 
nebulae are the result of compression of the gas medium. The converse 
is probably true: the interstellar medium is steadily replenished by gas 
from dissipating nebulae. The magnetic fieldsin nebulae probably slow down 
their dissipation. The magnetic field geometry is apparently responsible 
for the peculiar structure of the filamentary nebulae (Figure 128). Gaseous 
nebulae are genetically linked with the exciting hot stars (at least this is 
so in most cases). The best proof of this is that the velocities of some 
nebulae differ only by a few km/sec from the velocities of the associated 
stars. Furthermore, nebulae illuminated by hot stars are more numerous 
than what follows from the theory of chance encounters. The star often 
Occupies a special position relative to the nebula. This factor is particu- 
larly pronounced for what Shain called peripheral nebulae (Figure 129). 
These are not unlike giant planetary nebulae with a ring effect. Their 
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brightness is higher at the periphery, and the exciting star, or sometimes 
a whole cluster of stars, is situated at the center of the ring. Peripheral 
nebulae always show distinct signs of outward radial flow of gas. 


FIGURE 129 
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Filamentary nebulae, conversely, have no obvious exciting stars. The 
filaments are often parallel to one another. In the Cygnus Loop (NGC 6960) 
the filaments are particularly thin and narrow. Most of them are no wider 
than 2", and their linear width is probably a few thousand astronomical 
units. (Note that the distances to these nebulae cannot be measured, as 
they are not associated with any stars of known luminosity). 

Numerous hydrogen fields and nebulae are foggy formations without any 
apparent structure. 

Some nebulae are comet-like or fan-shaped (NGC 2261, Figure 130). 
The exciting star is situated in the head or outside the nebula near its tip. 
These "comets" are often associated with T Tau stars. Some of these 
nebulae have variable brightness. Patchy nebulae with relatively sharp 
edges are fairly frequent. Nebulae in the form of narrow strips are also 
observed. 


FIGURE 130 


No uniform morphological classification of diffuse nebulae has been 
developed. 

More or less reliable mass estimates of diffuse gaseous nebulae were 
obtained quite recently using the theory ofnebular emission. Ambartsumyan's 
method was used, in particular. Mass determinations carried out in 
Moscow and in Simeise lead to the following order of magnitude estimates 
(masses in units of solar mass): 


LARGE DISCRETE AND BRIGHT NEBULAE 


Orion Nebula (gaseous component) 150 
NGC 2237 (Large Nebulae in Monocerps) 260 
Omega Nebula in Sagittarius 500 
NGC 6523 in Sagittarius 3200 


Other galaxies contain occasional giant nebulae. The brightest and the 
largest is 30 Dor in the Large Magellanic Cloud. Shain estimated the 
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masses of some nebulae in the spiral galaxy in Triangulum and obtained 
figures of up to 10*Mo. These giant nebulae are probably clusters of 
nebulae, rather than discrete objects. At the other extreme of the scale, 
multitudes of weak and small nebulae should have masses of the order of a 
few solar masses and even fractions of the solar mass. The highly tenuous 
but extensive hydrogen fields may have very large masses. The masses 
of gaseous nebulae thus range between wide limits. Their densities are 
also greatly different. The density at the center of the Orion Nebula is of 
the order of 10 g/cm? (1 o* hydrogen atoms in l cm’), in other nebulae 

it drops to 10°" ¢/cem>, and in the space between the nebulae the density is 
10° g/cm’. 

$77. Interstellar gas. The existence of discrete gaseous nebulae was 
established long ago, but the existence of the general interstellar gaseous 
medium was a matter of gradual proof, which began back in 1904. In that 
year Hartmann found sharp and narrow H and K lines of ionized calcium 
in the spectra of hot spectroscopic binaries, which did not share the shifts 
of the other lines in the course of the orbital motion of the components. 
These static calcium lines were originally attributed to a cloud of Cat vapor 
in which the two components were immersed, Later the corresponding line 
intensities were found to increase for the more distant stars and for stars 
closer to the galactic plane. It thus became clear that the emitting gas was 
not concentrated near certain stars but actually filled the entire interstellar 
space, its concentration increasing toward the galactic plane. 

In the spectra of distant cold stars the interstellar Cat lines are 
obscured by the strong lines of this ion originating in the stellar atmospheres, 
whereas the atmospheres of hot stars contain no Ca*: calcium is present 
there in higher ionization stages. The line intensity of interstellar Cat 
increases with increasing distance to the star, since the optical thickness 
of the Cat gas between the Sun and the star increases. If we find the 
correlation between the line intensity and the distance, we will be able to 
estimate unknown distances from measurements of interstellar line 
intensities. The accuracy of this method is not very high, since the dis- 
tribution of Ca‘ in space is inhomogeneous. 

interstellar calcium takes part in the galacitc rotation. The mean shift 
of its lines due to the differential rotation effect is approximately equal to 
half the shift of these lines in stellar spectra. The galactic differential 
rotation effect is proprotional to the distance from the Sun, and the distance 
to the center of mass of an interstellar Ca* column between the Sun and 
any given star is approximately equal to half the distance to the star. 

Interstellar Na lines were discovered in 1919, and interstellar lines of 
K, Fe, Ti, and neutral calcium were discovered after 1937. Narrow 
absorption bands of interstellar CH, CHt, and CN and a number of mole- 
cular bands of unknown origin were also observed. The strongest of these 
is the 4431 A band. 

The discovery of these lines established the existence of H, C, and N in 
interstellar space. 

A characteristic property of all the observed interstellar lines and bands 
is that they are produced by transitions from the lowermost level and even 
sublevel. In molecules light-absorbing transitions originate on the lower- 
most vibrational, rotational, and electronic levels. Therefore only some 
of the lines characteristic of the corresponding molecular bands are 
observed and they are unusually narrow. 
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The extremely low density of the interstellar gas and the great distances 
from stars are responsible for the very low frequency of collisions of atoms 
and molecules with other particles and light quanta. The great majority of 
the atoms and molecules are therefore in the unexcited ground state. When 
and if a quantum is absorbed, it is thus absorbed by an atom or a molecule 
in a state of minimum energy. 

This explains why the omnipresent hydrogen makes no contribution to 
interstellar absorption of light. The transition of atomic hydrogen from 
ground state to an excited state involves absorption of quanta in the Lyman 
series lines. The Lyman lines, however, lie in the far ultraviolet and 
are thus inaccessible to optical observations. Other atoms, though possibly 
present in the interstellar space together with hydrogen, are not detected 
either if the lines of their principal series lie in the inaccessible ultraviolet. 

The sharpness of the interstellar lines compared to the lines originating 
in stellar atmospheres is attributed to the low number of absorbing atoms. 
Doppler effect due to thermal or turbulent motions in the interstellar 
medium is the only factor which perceptibly broadens the spectral lines. 

The kinetic temperature of the interstellar gas depends on the tempera- 
ture of the exciting stars and on the degree of ionization (which is againa 
function of the star temperature). Originally, the temperature of the 
interstellar gas was set equal to the temperature of the exciting stars, i-.e., 
around 10,000°. Further analysis has shown, however, that this is true 
only for regions where hydrogen (the main interstellar gas component, 
although it does not show in the absorption spectrum) is completely ionized. 
In regions of neutral hydrogen, collisions of hydrogen atoms with dust 
particles and other atoms result in a loss of kinetic energy (due to colli- 
sional excitation of the other particles) and lower the gas temperature. 

The temperature of the interstellar medium containing neutral hydrogen 
is around 100°K; this result is confirmed by radio observations (see 
below). 

The interstellar gas is ionized by the high-frequency quanta of stellar 
radiation. This radiation is diluted; however, introduction of the dilution 
factor (of the order of 10°") in the ionization equation is insufficient. 
Indeed, the resultant radiation from various stars if far from being 
Planckian. The problem is further complicated by the fact that we do not 
know the frequency of stars of different temperatures and the luminosity 
distribution outside a small neighborhood of the Sun, and integration of 
energy over the spectrum in distant regions of the Galaxy is therefore 
highly uncertain. The gas ionization will vary between wide limits with 
the luminosity function of stars in different parts of the Galaxy. 

Even for the immediate neighborhood of the Sun, the equation for the 
degree of ionization as a function of star temperature and kinetic 
temperature cannot be used without correction coefficients. At 100°K 
these correction coefficients for NaI, Cal, Call, and KI range from 10 
to 1600 and lower the ionization estimates. 

Furthermore, the ionization equation always contains n,, the number 
of free electrons in 1cm*, since these electrons govern the recombination 
processes which balance the ionization events. The effect of n,is different 
for different atoms: it is extremely small for Till and very large for Cal, 
say. 
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Determination of n, from observations has not given reliable results so 
far. It is generally obtained by comparing the densities of Cal and Call 
determined from the equivalent widths of their lines, but \ 422 A Calis 
observed only when the H and K lines are strong and "saturated, ''i.e., 
when their equivalent width is no longer sensitive to the optical thickness 
of the gas layer at the corresponding wavelengths. Other methods also 
fail to provide accurate data. The inaccuracy is also associated with the 
great inhomogeneity of the interstellar medium in various directions and 
various distances. The estimates apply to bright stars with strong 
absorption lines, i.e., they apparently correspond only to relatively dense 
gas clouds. The application of the improved theory of ionization, mentioned 
in the preceding, gives crude estimates for the relative abundance of some 
elements. Strémgren's abundance data (1949) are the following: 


Sun’s atmosphere ...... 
Interstellar medium in the 
direction of x? Ori Par 


The absolute figures for this gas cloud are 40 atoms of hydrogen in 
1cm?, ny=n,= 1000. 

In the space between these dense clouds the gas is much more tenuous, 
but the quantitative data are highly uncertain since we are dealing with 
extremely weak NaI and CalII lines (the other lines being undetectable 
under these conditions). The theory cannot give a reliable value for the 
ratio nca1/nmcatr- The concentration of hydrogen is estimated at being less 
than 1 atom in 1em*. In medium density clouds the concentration reaches 
about 1 atom inlem*®. The density of the spectroscopically undetectable 
hydrogen is estimated with great uncertainty. Since this hydrogen is 
neutral, the free electrons are mainly supplied by Cal, whereas the elec- 
trons released in the ionization of CalII and other elements are few. 

The determination of the quantitative chemical composition of the 
interstellar gas meets with additional difficulties. High-dispersion spectra 
of some stars show interstellar Call multiplets (Figure 131). The 
multiplicity of these lines evidently indicates that there are several inter- 
stellar gas clouds along the line of sight, all moving with different veloci- 
ties. These results in fact provided a demonstration of the patchy, cloud- 
like structure of the interstellar gas. The spectra of 95 out of 300 fairly 
distant bright stars show double Call lines, 17 spectra contain triplets, 
and 4 spectra quadruplets. The peculiar velocities of the clouds are at 
most 5km/sec. The average velocity according to Mel'nikov is 7km/sec. 
However, 21 out of 166 stars show components with shifts exceeding 
30km/sec, and 7 stars have shifts greater than 50km/sec; in one cloud the 
shift reaches 96 km/sec. 

In some cases, the CalII doublets are accompanied by NaI singlets, 
This means that the sodium in one of the clouds is ionized or absent 
altogether. 
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FIGURE 131 


Some clouds show relatively strong molecular lines, others have strong 
metal lines. In HD 190603 the shift of the CH* lines is equal to that of one 
of the K components. The CH lines in the spectrum of x Aur show show the 
shift as one of the K components, and the shift of the broadened CH* lines 
ig equal to the average shift of the other K components. The CH/CH* 
intensity ratio varies from point to point. 

The dimensions of interstellar gas clouds are apparently a few parsecs 
on the average. Their differential motions are partly attributed to galactic 
rotation and partly to turbulence, which is apparently quite considerable. 

In regions of neutral hydrogen, at densities of 10 atoms in 1 cm? and 
temperatures of 50°K, the velocity of sound should be 0.8km/sec; the free 
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path of hydrogen atoms is then 20 a.u. and of electrons 3-10 %a.u. The 
interstellar hydrogen is opaque in its 21cm emission line, and radio 
observations can be applied to measure its temperature; they give 125°K 
in the direction of the galactic center. 

Polarization of the light of distant stars was first discovered in 1949 by 
Hiltner and Hall and independently in 1950 by Dombrovskii. It reaches 
10% and is almost independent of wavelength. The plane of oscillation of 
the electric vector in most parts of the Milky Way is close to the plane of 
the galactic equator. This effect is most prominent in the direction where 
the spiral arms presumably meet the line of sight. The polarization of the 
light of distant stars, while the near stars remain unpolarized, and the 
similar orientation of the polarization vector for different stars from one 
neighborhood suggested that the interstellar medium was responsible for 
this polarization. The overall increase of the percentage polarization with 
increasing interstellar absorption for the same stars corroborates this 
conclusion; polarization of star light is thus assigned to nonuniform absorp- 
tion of light by elongated dust particles with variously oriented electric 
vector. When the light is incident in the direction of the long axis of the 
particle, the absorption is stronger. This indicates that the dust particles 
are aligned roughly at right angles to the spiral arms. The situation, of 
course, is much more complex when the line of sight intercepts several 
dust clouds of inhomogeneous structure. 

It was also suggested that the dust particles are rich in iron and are 
therefore aligned by the magnetic field. This is an improbable assumption: 
the iron content of the dust particles cannot be high, but they are para- 
magnetic and are thus aligned with the major axis at right angles to the 
magnetic field. 

Thus, the structure of some bright nebulae and the polarization of light 
in interstellar space point to the existence of galactic magnetic fields of 
10 *— 10° gauss. The radius of curvature of a charged particle in these 
fields is therefore 10°’ of its free path. The interstellar gas thus largely 
retains the ideal gas properties, but the application of the laws of hydro- 
dynamics to motion at right angles to the magnetic field is questionable. It 
is by no means certain that the magnetic field is 'frozen" into the inter- 
stellar gas, since the small radii of curvature of the free electrons lower 
the electrical conductivity of the gas and reduce the relaxation time. 

The latter point is of considerable significance for the interpretation 
filamentary nebulae. In neutral hydrogen regions, pressure differences 
are smoothed out through propagation of elastic compression waves, which 
travel with the velocity of sound, i.e., 0.8km/sec or 1 pc in 10° years. 
Pressure differences are thus maintained on the cosmic time scale, giving 
rise to interstellar winds. 

On the other hand, calculations show that a low-density neutral hydrogen 
heated during an accidental encounter with hot stars cools down in 10° years. 
In small high-density clouds the gas temperature is low. Cold clouds are 
heavier and thus fall to regions of lower potential energy, i.e., toward the 
galactic plane. As they fall, they displace hot gas masses which rise to 
higher galactic latitudes. This mechanism is sufficient to produce 
turbulence. 

The diffuse interstellar matter is linked, atleast partly, with ejection of 
stellar matter. The active stars are distributed nonuniformly inthe Galaxy,and 
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for this reason some regions acquire relatively high gas density and 
pressure. The high-pressure gas expands and colliding with older clouds 
it produces turbulence. The turbulence and motion of interstellar gas is 
associated with a variety of reasons; without them, however, the observed 
inhomogeneities and cloud motions could hardly persist. 

The effect of radiation pressure on the motion of interstellar gas has 
not been elucidated. It is clear, however, that the gas should experience 
a certain drag due to the motion of dust particles which are definitely 
impelled by the radiation pressure of the nearby stars. 

§78. Hl and HIl regions. What is the relationship between the invisible 
clouds of interstellar gas, detected only by their absorption lines, and the 
bright gas clouds reminiscent of nebulae and hydrogen fields? It seems 
that the bright discrete nebulae are mostly mere condensations in the 
interstellar gas medium, distinguished by their higher density and stronger 
emission. These distinctive features are almost invariably associated with 
the presence of hot stars or clusters of stars in or near the nebula; there 
is apparently a definite genetic link between these stars and the nebula. We 
cannot say whether or not similar discrete and dense clouds exist which 
remain invisible for lack of hot exciting stars. On the other hand, extensive 
areas with multitudes of hot stars, e.g., Perseus, are entirely free from 
luminous gaseous matter and are thus absolutely gas-free. 

Weak luminous regions, in particular hydrogen fields, are probably 
fundamentally identical to gas clouds detected by their absorption lines. 
The only difference between these two groups of objects is that the latter 
are not associated with any hot stars and therefore remain dark and 
nonluminous. Hydrogen emits through photoionization followed by recom- 
bination. In luminous clouds hydrogen is thus almost completely ionized, 
whereas neutral hydrogen clouds neither emit nor absorb. Interstellar gas 
is correspondingly divided into HI and Hil regions. Regions of both types 
contain other gases as well, but their physical conditions are uniquely 
related to the state of hydrogen in them. 

The theory of HII regions was developed by Str6mgren. Near a hot star, 
the energy beyond the Lyman limit (912 A) is sufficient for complete 
ionization of the surrounding hydrogen. The radiation dilution coefficient 
W=R2 /4r? indicates that the radiation is attenuated with distance from the 
star there R, is the radius of the star and r is the distance from the star). 
The rate of ionization decreases in proportion to W, whereas the number 
of collisional recombinations does not change with increasing distance from 
the star. The number of neutral atoms thus increases with increasing r. 
Neutral hydrogen readily absorbs the quanta with 4< 912 A, whereas 
ionized hydrogen is transparent to these frequencies. A sharp spherical 
boundary is thus formed around the star, beyond which the hydrogen is not 
ionized and the quanta with A< 912 A do not pass. 

The degree of ionization of hydrogen is described by Saha's modified 
equation 
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ht 
Here n, is the number of protons, n, is the number of neutral atoms, g are 


the statistical weights of the respective states, 7,is the electron tempera- 
ture, Tis the temperature of the star, t, is the opacity of the gas at 
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aA< 912 A; 13.54 is the ionization potential of hydrogen. Taking n,in,=n 
and writing z=n,/n for the degree of ionization, we have 


where c incorporates all the constants of the previous equation. The 
absorption coefficient near the Lyman limit is ~ 10°" cm? per atom, and 
the opacity of hydrogen is 


dz, =(1—1)na,3-10'8dr. 


Inserting this expression in the above equality, we obtain 


3-1018 
c 


1 
e “¥dt,= a, Retr? dr. 


To solve this differential equation we use the following substitution of 
variables: 


oe 


—T ts, 3- 1018 ,a2r3 _ [ ty] ] 
=. . ~~ £ ne (3+ 10284," 


Then 


Since 3-10" a,~10 and n=1, we have a=c™%s~ R*/s, which is small in units 
of the solar radius. For y = 1 the hydrogen is ionized and thus transparent. 
In this case z= 1 and y= 1—7. As rincreases, z slowly increases 
approaching unity, while y goes to zero and the ionization falls off rapidly. 
The critical radius r,is obtained for z= 1, i.e., 


4 
r= eee ‘ 
O° \ 108ayn? si 


Str6mgren calculated for a= 0.01 the values of the relevant parameters 
when r/r, goes through 1. 

The radius of complete ionization r, depends on n-*/s and on the tempera- 
ture of the star. Numerical data, however, are highly uncertain because 
of divergences in temperatures of the hottest stars. StroOmgren found that 
the volume of complete ionization around a O8 star is 216 times greater 
than that around a B3 star and 26 times greater than around a BO star. If, 
however, the temperature differences between stars of these types are 
smaller, the ratio of respective volumes for O5 and BO stars will diminish 
to a mere 2.5. Ina gaseous medium with one H atom per cm’, the radius 
of complete ionization for an O star is not less than 30pc, possibly reaching 
100pc; between the clouds, where n= 0.1 or 0.001, the radius of complete 
ionization is even larger. ‘The gigantic hydrogen clouds extending over 
hundreds of parsecs may thus be excited by very few stars. The absence of 
HelI emission in Hil regions is not clear at this stage. 
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Some authors also treated planetary nebulae as spheres of completely 
ionized hydrogen in much larger gaseous clouds, but this approach is 
apparently erroneous. 

The sum total of HII regions near the Sun is about 1/10 of the HI regions. 
The electron temperatures in HIf regions, as in nebulae, are about 10,000, 
i.e., much higher than in HI regions, whereas the average densities are 
probably the same. The velocity of sound in HII regions is about 17km/sec 
(for n= 1), and the pressure differences are thus smoothed out much faster 
than in HI regions. The radius of curvature of the trajectories of charged 
particles in HII regions is about 100 times as large as that in HI regions, 
and this markedly affects the motion of gas in magnetic fields. Hot HII 
regions should exhibit a tendency to rise above the galactic plane. 

Note that according to Pikel'ner highly tenuous interstellar gas in the 
same state as in HI regions in the galactic layer also occurs at great 
distances from the plane of the Galaxy. The velocities of this gas may be 
quite substantial. 

In view of the preceding, no reliable estimate of the mass of the gas 
component of the Galaxy can be obtained. Dynamic considerations based 
on a comparison of the theory of galactic rotation with observations show 
that the mass of the diffuse matter near the Sun is comparable with the 
total mass of stars in that volume. This is an upper bound estimate. The 
various attempts to differentiate between the proportion of gas and dust 
are most unconvincing. Radio observations give a more precise estimate 
of the mass of the gas component of the Galaxy. 

§79. Radio observations of the gaseous diffuse matter. Radio observa- 
tions of interstellar gas are quite a recent development. Interstellar 
ionized hydrogen gives off thermal radio emission whose intensity for an 
optically thin gas layer is independent of frequency. At waves shorter 
than 1m, this is the dominant component of the radio spectrum. The radio 
emission of interstellar gas has different intensities in different directions. 
It is markedly concentrated toward the plane of the Galaxy and its center. 
Shklovskii managed to isolate this component from the general radio flux 
density from outer space. Besides the principal maximum in Sagittarius, 
it has two secondary maxima in Cygnus and Perseus. The connection with 
the concentration of gas in the spiral arms of the galaxy is not clear, since 
relatively near gas masses may give under certain conditions a larger 
apparent effect than bigger but more distant masses. Anyhow, the radio 
emission of ionized hydrogen points to the presence of hot stars ionizing 
the interstellar gas. Ionized hydrogen absorbs long radio waves and is 
thus highly opaque in bright nebulae at wavelengths over 5—7m and in weak 
nebulae at wavelengths over 10—15m. 

Besides the continuous radio spectrum of ionized hydrogen, van de Hulst 
and Shklovskii predicted monochromatic radio emission at 21cm wavelength 
from neutral hydrogen. This radiation is emitted in transitions between the 
two hyperfine structure components of atomic hydrogen. The intensity of 
this radiation also gives very low figures for the temperature of neutral 
hydrogen regions, about 25—50 and 125°K in the direction to the center 
of the Galaxy. Because of this low temperature, the interstellar neutral 
hydrogen is opaque at A= 21cm. However, the differential effect of galac- 
tic rotation in radial velocities produces a noticeable Doppler shift in 
various directions, so that the gas moving ralative to the Sun with a certain 
velocity emits radio waves whose wavelength is slightly different from 21 cm. 
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These waves are freely transmitted by the interstellar hydrogen, so that the 
distribution of neutral hydrogen in the Galaxy can be charted over enormous 
distances from superimposed lines of various gas clouds moving with 
different velocities in the Galaxy. This method enables us to penetrate 

over thousands of parsecs into the interior of the Galaxy, but the interpre- 
tation of the observations is based on various highly simplified models of 
galactic structure and rotation and is therefore highly unreliable (Figure 132). 
For example, the spiral arms of the Galaxy charted from the observed 
condensations of neutral hydrogen have very little in common with the spiral 
arms of other galaxies. 
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FIGURE 132 


Interstellar molecules also shouJd emit monochromatic radio waves. 
Entirely new horizons are thus opened for the survey of diffuse gaseous 
matter in the Galaxy. 

Apart from the thermal radio waves emitted by the diffuse gas in the 
Galaxy, there is another radio component which prevails at low frequencies 
and whose intensity falls off with increasing frequency. This component 
is produced by discrete radio sources which do not show any apparent 
concentration toward the galactic plane and reveal only a slight concentra- 
tion toward the center of the Galaxy. These sources are sometimes called 
radio stars. However, application of high resolution radio telescopes* 
has shown that some of these radio stars have measurable (though small) 
angular diameters. Their radio emission is generally attributed to the 
bremsstrahlung of relativistic electrons in magnetic fields of some 
10 5—10 ° gauss, which apparently fill the interstellar space. 

It has been definitely established that the so-called radio stars are of 
partly galactic and partly metagalactic origin. The radio sources should be 
identifiable with ordinary, optical gaseous nebulae, and such identifications 
were indeed made in some cases. Nebulae which are remnants of super- 
nova explosions, in particular the Crab Nebula in Taurus, are also powerful 


* A common radio telescope comprises a radio receiver mounted at the focus of a concave metallic 
reflector which can be pointed to different parts of the sky, The resolving power of the radio telescope 
increases with increasing reflector diameter, but there are obvious technical limitations to the size of 
radio telescopes, Another type of radio telescope is a moving or partly moving array of antennas, which 
gives a higher resolving power but is limited in other respects, 
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radio sources. Their radio intensity is frequency independent, whereas 

the intensity of metagalactic radio sources is proportional to the wavelength. 
The radio emission of supernova remnants is apparently not associated with 
the visible optical light of the nebula: it seems to be the result of 
bremsstrahlung of relativistic electrons. The radio flux density of Crab 
Nebula at 20cm is about 210° watt/MHz, and the flux density of the 
supernova remnant in Cassiopeia (the most powerful of known radio 
sources) is double this figure. 

Other powerful discrete radio sources are peculiar galaxies with strong 
hydrogen emission lines in their spectra. Some of these galaxies are 
spherical. Others, although spherical, are bisected by a dark lane along 
the middle (probably a concentration of dust nebulae). The radio emission 
of the Magellanic Clouds has been studied in some detail; the radio 
velocities of neutral hydrogen in the Clouds made it possible to determine 
their rotation and mass. 

Weak radio emission has been detected from some of the nearest spiral 
galaxies, where it is "normally" of the same nature as in our Galaxy, 
namely radiation of interstellar hydrogen and relativistic electron. The 
powerful radiation from the peculiar galaxies seems to be entirely due to 
the bremsstrahlung of electrons, which are present in high concentrations 
and move in strong magnetic fields. The powerful radio source Cygnus A 
has been identified with a galaxy 40''in diameter whose photographic 
apparent magnitude is 16".5. Its radio power at 100 MHz is 5 104 erg/sec, 
which is a factor of 6 greater than its optical power. For the spiral galaxy 
in Andromeda this ratio is 107°, Cygnus A is regarded by some authorities 
as a system of two galaxies in collision. The collision between the gas 
clouds in the two galaxies may produce powerful radio emission, but the 
gas should be present in large quantities and under certain special physical 
conditions. Most discrete radio sources so far have not been identified 
with known optical objects. 
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§80. Interstellar dust and dark nebulae. W. Struve in 1847 was the first 
to deduce the existence of interstellar light absorbing matter from the 
analysis of observational data. His great discovery, however, was not 
universally acknowledged by his contemporaries. At the beginning of the 
20th century, Barnard suggested that the numerous dark spots that he had 
observed in the Milky Way were in fact dark nebulae (Figure 133 is a photo- 
graph of a dark nebula in Sagittarius ), i-e., clouds of opaque matter 
screening off the light from distant stars. In the 1920's the distances and 
the sizes of numerous dark nebulae were determined, but the omnipresence 
of interstellar absorbing dust, even between the dark nebulae, was 
acknowledged only in 1930. Trumpler discovered a systematic discrepancy 
in the distances to open star clusters as measured from their apparent 
angular diameter and the apparent magnitudes of the constituent stars. 

This discrepancy increased with increasing distance and thus could only be 
attributed to increasing absorption of light along its path to the observer. 
This absorption was also found to be highly selective: it increased at 
shorter wavelengths. 

Hubble's ''zone of avoidance" along the galactic equator, where no 
galaxies are observed, analysis of absorption at various galactic latitudes, 
and photographs of spindle-shaped galaxies witha dust lane in their plane of 
symmetry (first noted by Curtiss back in 1918) led to a definite conclusion 
that the absorbing matter and dark nebulae markedly concentrated in the 
plane of the Galaxy. Soon after that the light absorption was found to be 
nonuniform in various directions in the galactic plane. 

Fine dust is clearly the only agent which will give effective absorption 
despite its small mass. 

The main studies of interstellar absorbing dust are concerned with the 
dependence of absorption on wavelength, the determination of absorption 
at various wavelengths in various directions and various distances from 
the Earth, determination of the distances, sizes and structure of the dense 
dark nebulae, elucidation of the spatial distribution of dust in galaxies and 
in the intergalactic space, analysis of the interaction of interstellar dust 
with diffuse gas and with stars, and the ability of dust particles to grow. 

Knowledge of the absorption as a function of wavelength is highly signi- 
ficant, since generally absorption is measured only for a certain region 
of the spectrum, whereas actual abservations of stars are carried out at 
different wavelengths. Furthermore, this dependence constitutes a 
virtually unique fingerprint of the absorbing particles. 
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FIGURE 133 


According to the general law of light absorption, the intensity /, of light 
passing through an absorbing medium of optical thickness t is reduced to 


T= fy-e7*. (1) 


Let the optical thickness of the medium per unit path length be k, so that 
over a path of length r we have t=kr, 
In the simplest case we may take 


k(A) =a-+ bar", (2) 


where aand d) are constants; a corresponds to general (neutral) absorption, 
which is constant at all wavelengths. For particles much smaller than the 
wavelength, we have Rayleigh's law k~ a". 

The index nis best determined by a spectrophotometric comparison of 
two stars with identical true energy distribution in the spectrum which are 
located at greatly differing distances from the observer. 

Interstellar absorption will produce a difference of Am stellar magnitudes 
in the intensities of some wavelength A in the spectra of these stars, where 


Am (A) = 1.086 [(a, —a,) + (6, — by) 4°"), (3) 
since by (1) 


m— my = 2.51 lg e = 1.086t. (4) 
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Comparison of the spectra of the two stars generally gives the spectro- 
photometric gradient dAm(a)/d(1/a), so that differentiating (3) we get 


7) = —1,086n (by — b,) A), (5) 
a 

If two stars of different temperatures emit as a blackbody, the spectro- 
photometric gradient in the visible spectrum is virtually constant and 
independent of wavelength. The difference in the intensities of corresponding 
wavelengths in the spectra of these stars therefore linearly increases with 
decreasing 1/h. If n= 1 in (5), we have the same case and the effect of 
selective absorption cannot be separated from the temperature effect. This 
naturally involves certain difficulties. Indeed, early-type supergiants are 
suitable for spectrophotometric comparison and they are furthermore 
sufficiently bright to be visible over large distances. The effect of inter - 
stellar absorption is more pronounced for these stars. However, we do 
not know whether or not the true energy distribution in the spectra of these 
supergiants coincides with that in the spectra of lower luminosity stars of 
the same spectral type which are closer to the Sun. , 

Spectrophotometry can be conveniently replaced by photoelectric 
measurements, which give a high accuracy in the entire spectrum from 
3500 to 20,000 A. 

Between 4000 and 7000A, n was found to be very close to unity, so that 
absorption increases as 1/4. At shorter and longer wavelengths, however, 
the absorption function changes markedly. Beyond this spectral region 
the absorption remains virtually constant regardless of wavelength. 

This absorption function is applicable in any direction, i.e., the physical 
properties of the absorbing dust are nearly identical everywhere. How- 
ever, more detailed studies are needed, e.g., for stars in the Orion 
Nebula, where a most peculiar absorption function was found. 

The parameter a in Eq. (2) cannot be estimated with any accuracy; it 
only seems to be fairly small, so that the general absorption of light is low 
(Florya). Therefore, generally one writes 


k(A)=b-a7t, (6) 


The observations give the color excess CE as the difference between 
the apparent color index CI and the true color index Clo of the corre- 
sponding spectral type: 


CE ¢i=cr, 


where the color indices are defined as the difference in the stellar mag- 
nitudes of the object at two wavelengths A, and A, (different systems 


can be used). 
If the absorption in stellar magnitudes at these wavelengths is A,, and 


A,,, we have 
CE = A,,— Aa,. 
By (4) 


r 


A= 1.0861 = 1.086 \ kar. 
0 
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Thus, if £(4,)/k(4.)=p, we have 


r 


CEST OH) yeaah 


or 
CE = (4 a H) Agys 
and 
Ay, = yCE, (7) 
where 
4 
v= ial (8) 
In general 
a 
Yaga (9) 


is a factor which converts the color excess measured between any two 
wavelengths A, and A, to the total absorption 4 at wavelength A, from Eq. (4). 

In practice, the determination of absorption form the color excess using 
Eq. (7) is more accurate than direct measurement of this quantity, since it 
is virtually impossible to compare with any precision the distances to far 
objects without comparing their true and apparent magntides, which are 
naturally distorted by interstellar absorption. 

At wavelengths far from 4000—7000 A, one should take into consideration 
the true dependence of k on 4, and Eqs. (9) and (7) are no longer valid. 

The most extensive series of color excess measurements of distant B- 
type stars (1332 stars) was obtained photoelectrically by Stebbins, Whitford, 
and Huffer. They measured the stellar magnitudes in the so-called Ci 
system, which corresponds to wavelengths of 4260 and 4770A. In this 
system they obtained y = 7 for visual absorption and y = 7.7 for photo- 
graphic absorption. International photographic-photovisual color excesses 
and photographic absorption give for y a value somewhat less than 5. In 
1950's extensive photoelectric observations of color excesses were 
carried out by Hiltner and others. 

Note that since the interstellar absorption is virtually independent of A at 
long wavelengths, the absorption does not decrease at 14> 20,000A (as long 
as we remain shortward of radio waves) and the Galaxy is no more trans- 
parent at these wavelengths than at 4 = 20,000 A. 

The function k (A) found from observations is virtually the same for dark 
nebulae and the interstellar medium. This fact, combined with other 
considerations, shows that electrons and gas atoms which scatter light as 
a‘ (these particles are much smaller than the light wavelengths) do not 
make a substantial contribution to interstellar absorption. The absorption 
is mainly due to minute particles of radius @ comparable to the wavelength. 
The theory of interaction of these particles with electromagnetic waves 
was developed by Mie. It is fairly simple, however, only when a=2na/iAis 
close to unity. 


323 


Ch. XII. DUST NEBULAE 


Pure dielectrics with zero electrical conductivity produce true scattering. 
In conductors and semiconductors, electromagnetic energy is converted to 
heat; part of the energy is scattered, and part undergoes true absorption. 
If s is the density of the particles, nis the complex refractive index of the 
dielectric, and m is the complex refractive index of the conductor, the 
absorption coefficient per unit mass for a much less than unity is 


ke(a, a) = 2a" (Sas) for dielectrics 


I (a, yas im ($=) for metals, 


wherelIm is the imaginary part of the function in parentheses. 

Comparison of observations with the calculated absorbance of particles 
and its dependence on A show that even though the interstellar dust particles 
may have = substantial spread of sizes, particles with diameters from 
10° *to 10 °cm definitely predominate. 

The variation of absorption with wavelength and the amount of absorption 
suggest that these are metallic particles. They are capable of producing 
the observed absorption at sufficiently low masses. However, the albedo 
of the interstellar particles obtained from observations of bright dust 
nebulae is too high for metals. It is close to 1, i.e., to the albedo of snow 
or frozen gases. Moreover, the content of metals in stars and gaseous 
nebulae is negligible, and it is highly improbable that the interstellar dust 
is of pure metallic composition. 

The observed properties of the interstellar dust apparently can be 
satisfied by a certain mixture of dielectric particles of various diameters 
of the order of ~ 0.84, which contains a certain proportion of ice particles 
(mainly hydrogen ice). 

The minute dust particles, however, are highly sensitive to radiation 
pressure, especially near giants. The radiation pressure produces different 
effects depending on the prevalent wavelengths, the particle sizes, and 
particle composition (dielectric or metal). 

Analysis of observations shows that the density of the absorbing inter - 
stellar medium decreases exponentially with distance from the plane of the 
Galaxy, so that the linear absorption coefficient becomes smaller away 
from the galactic plane. By analogy with the scale height of the Earth's 
atmosphere, we can define the equivalent halfwidth of the absorbing layer. 
A layer of this thickness, if its uniform density is equal to the density of 
the absorbing medium in the plane of the Galaxy, produces the same 
absorption as the real interstellar medium in the direction to the poles of 
the Galaxy. Parenago proposed the following formula for the calculation 


of absorption: 


Here ris the distance to the object, bis the galactic latitude of the object, 
and a, is the absorption per kiloparsec in the given direction. The values 
of a, were determined by Parenago for various directions and plotted ona 
map of the sky. The distance r, corrected for interstellar absorption, 
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is calculated from the obvious equality 
Slgr=m—A(r, b)—M-+5. 


Since ris the true distance corrected for absorption, which is not known 

to begin with, it is generally found by trial and error. Parenago's method 
uses graphs which correlate the true distance modulus m, —M (corrected for 
absorption) with the apparent modulus m— M for various a,and 6. Here a, 
is taken corresponding to the effective wavelength in the relevant spectral 
region. 

Note, however, that althoug: the introduction of a directional quantity 
a, improves the results of calculations, it essentially contradicts the basic 
model of the absorption coefficient decreasing away from the galactic plane. 

Thus, the mean a, for the galactic plane is 3.4 stellar magnitudes per 
kiloparsec, wheras the values of a, in the direction of the galactic equator 
are sometimes higher than this mean value. 

Another extremely significant point is that Parenago's formula does not 
allow for the patchiness of absorption along the line of sight. Indeed the 
absorption coefficient in a given direction is not a monotonic function of ay 
(when reduced to the plane of the Galaxy); it is indicatory of a medium with 
irregular density variation. At some distance from the Sun the absorption 
comes out low, then for stars immersed in a large dust cloud it will rapidly 
increase with distance, and beyond the cloud it will remain fairly constant 
over large distances. Unfortunately, the absorption data are very meager 
even to distances of 1500— 2000 parsecs, and the spatial distribution of 
absorption cannot be established with any certainty. 

The distances and the diameters of individual sharply outlined dark 
nebulae are usually determined by comparing the count of stars up toa 
given stellar magnitude in the area of the cloud and in the adjoining trans- 
parent area. Ogorodnikov and Dobrovol'skii have shown that the luminosity 
function must be allowed for in these counts. We know, however, that the 
luminosity function is variable in different parts of the Galaxy, and reliable 
information on this function is available only in the neighborhood of the Sun. 
More accurate data on dark nebulae are therefore provided by color excess 
studies of stars of known luminosity. Unfortunately, O and B stars are 
relatively numerous among the stars which are visible over great distances, 
but their individual luminosities and hence distances are often highly 
uncertain. This greatly interferes with proper pinpointing of the dark 
nebulae and determination of their apparent width and line-of-sight depth. 
Note that near the galactic equator, where no B stars are observed (either 
because there are none in this direction or because they are obscured by 
dark clouds ), the absorption cannot be found either. 

Stars which begin revealing pronounced effects of absorption can be used 
to estimate the distance to the front edge of the dark nebula. The total 
absorption in the nebula is found by comparing the rapidly changing color 
excesses of these stars with those of the more distant stars, which are 
identified by slowly increasing color excess. 

The nearest dark nebulae are distant about 100pc from the Sun, and 
they are most prominent against the light background of the Milky Way, 
where they show as large black areas. These include the dark nebulae in 
Taurus and the "coal sacks" in the Southern Hemisphere. They often form 
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clusters of dark nebulae, as in Taurus. In Aquila such a cluster begins at 
a distance of 200pc from the Sun and extends over more than 1000pc along 
the line of sight. The separation of the Milky Way into two arms and the 
wide dark lane between them in the direction of the galactic nucleus are 
attributed to a concentration of clusters of dark nebulae in this region. The 
photographic absorption between these nebulae and the center of the Galaxy 
is over 6 stellar magnitudes. 

The color excesses in some areas in Cygnus and Sagittarius reach 0".5 
on the C, scale, so that B stars often have the orange color of K stars. 

The diameters of the dark nebulae range between wide limits, but the 
larger the nebulae the less frequent. For example, the Coal Sack is about 
8 pc in diameter, numerous nebulae are of smaller size, whereas the 
clusters in Taurus, Auriga, and Ophiuchus are no less than 30—40pc in 
diameter. Photographic absorption in these nebulae respectively varies 
from 1™ to 3”. 

Numerous dark nebulae, like thosein Ophiuchus, extend in the form of 
dark long channels in the Milky Way, and quite probably we view some of 
the dark nebulae along the axis of such a channel. 

This explains the total absence of known distant objects in certain 
directions and the existence of visibility corridors between them. Through 
one of these corridors, that in Cygnus, we see cepheids distant more than 
10,000 pc which show very small reddening, this being the result of 
negligible absorption in this direction. However, no extragalactic nebulae 
are visible through this corridor. This means that farther away the 
absorption nevertheless markedly increases. 

There are other corridors terminating with windows: into the extra- 
galactic space. The distant galaxies are clearly visible through these 
windows. | 

Ambartsumyan developed the theory of flucutation of the number of dark 
nebulae along the line of sight and studied the effect of these flucutations on 
the observed surface brightness of the Milky Way and other galaxies. 

This theory applies the laws of statistics to a random distribution of 
objects. Earlier theories in stellar astronomy conversely assumed models 
with regular distribution of objects, e.g., concentric ellipsoids of varying 
density, and others. 

A real galaxy is an object of complex structure, with spiral arms and 
star clouds in the gaps between them. This structure does not fit within 
the framework of the usual order or disorder concepts, and it requires 
painstaking topographic and morphological studies. Theories using different 
models clearly provide an indication of the deviations of the models used 
from the actual state of things. 

Two of these models are amenable to exact mathematical treatment. 
One model assumes the existence of a tenuous plane-parallel layer in which 
the dust clouds ~— nebulae — float. The second model, on the other hand, 
starts with a random distribution of dust nebulae of various sizes with 
vacuum between them. 

These models clearly constitute the two extremes of the actual range. 
Dust matter is probably reminiscent of cigarette smoke rising through air, 
with occasional condensations and rarefactions and traces of turbulence. 

The turbulence of the interstellar dust is sustained by the differential 
galactic rotation, formation of new dust clouds, interaction with stars, 
radiation pressure, and other factors. 
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FIGURE 134 


In 1947 Bok and Rayleigh discovered very small but highly absorbing 
dark nebulae, which were visible only against the background of some 
bright diffuse nebulae (the two forms are probably associated in space). 
These are sharply delimited nebulae of irregular shapes, although some 
are spherical. They were called globules (Figure 134). The smallest 
globules reach 10,000a.u. in diameter, whereas the largest have diameters 
of lpc. Absorption in globules reaches 5”, i.e., they should be extremely 
dense. 

Combining the known absorption of dark nebulae and their diameters with 
Mie's theory enables us to estimate the masses of the dust clouds. For 
particles 10 *— 10 °cm in diameter, the minimum mass of the dust clouds 
is estimated by the following figures (in solar masses): 


Small globules 0.002 
Large globules 0.05 
Coal Sack 13 


A large cluster of nebulae 300 
If the actual spread of the particle sizes and gas impurity are taken 


into considerations, higher masses are obtained. The mass of globules, 
apparently, is nevertheless too low to allow star formation processes. 


327 


Ch. XI. DUST NEBULAE 


§81. Bright dust nebulae. Ambartsumyan and Gordeladze interpreted 
the bright dust nebulae as the result of a chance encounter between a dark 
nebula and a sufficiently luminous star, If this is so, the number of bright 
dust nebulae illuminated by stars of a given spectral type should be pro- 
portional to the probability of finding a nebula within one of the volumes 
illuminated by the relevant stars. The illumination is sufficient to make 
a dust nebula visible only within a sphere of a certain radius centered 
around the star. The radius of this illumination sphere is proportional 
to the square root of the star's luminosity. If V is the volume of the sphere, 
and the number of stars of a given type in the Galaxy is n, the total illu- 
minated volume is nV. For main-sequence stars, the luminosity function 
gives the number of stars of each spectral type, since the spectrum is a 
single-valued function of luminosity. 

To compare the counts obtained in this way with observations, remember 
that we are only counting stars up to a certain magnitude, so that the 
observed volume for the high-luminosity O stars is naturally larger than 
the volume in which the weaker A stars are counted. 

Table 1 lists the relative illumination volumes nV for stars of different 
spectral types and compares them with the observed number of bright 
diffuse nebulae illuminated by stars of the corresponding types (Ambartsumyan 
and Gordeladze). 


TABLE 1 
Seger [iy | avant | Speed fy | wrsaet 


The two columns show a good fit, if we ignore the O and BO stars which 
illuminate gaseous, as well as dust, nebulae. The table therefore confirms 
the chance encounter hypothesis. Gaseous nebulae seem to be genetically, 
and not accidentally, linked with their exciting stars. The sum of the 
relative illuminated volumes in the table is 1/2000 of the corresponding 
total interstellar volume. The number of dark (unilluminated) dust nebulae 
should thus be a factor of 2000 higher than the number of bright (illuminated) 
nebulae. Hence it follows that a plane galactic layer some 200pc thick 
should contain about 200,000 dark dust nebulae. 

If we assume an average radius of 3pc for these nebulae, the line of 
sight will intercept on the average four dark nebulae over a distance of 
1 kpc in the plane of the Galaxy. This gives the mean absorption in one 
nebula © 0.3 mag) and the total absorption over any distance as the result 
of random fluctuations in the number of intercepted nebulae. 

The above calculations should be corrected for the luminosity functions 
of the different spectral types, especially in view of the existence of A-type, 
F-type, and other supergiants, and for interstellar absorption. For 
example, supergiants of 5mag are often greatly attenuated by interstellar 
absorption. These factors should naturally alter the figures in the table, 
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especially since the number of discrete nebulae is estimated fairly arbi- 
trarily. The data on hand, however, are still insufficient to justify this 
improved analysis. 


FIGURE 135 


Bright nebulae (Figure 135) are no easier to study than dark nebulae, 
despite the fact that they are visible. One generally measures the distri- 
bution of brightness, polarization, light absorption, and compares their 
color with the color of the illuminating star. The results are reduced to 
give the particle size, the spatial position of the nebulae, and the density 
distribution. Numerous theoretical studies have been published, but their 
application to dust nebulae often does not provide the correct answer in 
view of the great complexity of the problem. Thus, theoretically a nebula 
composed of fine dust particles which lies in front of a star should appear 
bluer than the illuminating star if the absorption coefficient increases with 
decreasing wavelength. Yet the blueness of the Cygnus Nebula (color 
index ~0".5) illuminated by a star with color index ~0".2 was found tobe 
linked up with a gaseous impurity emitting at the A 3727A [OIl} line. If 
the nebula is more distant than the star, its color should be comparable 
with the color of the star. For coarse particles, which are incapable of 
selective scattering, the phase law should be taken into consideration. 
Thus, particles at the periphery of the illuminated area will present a 
partly illuminated aspect to the observer. 
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The color and the light of a dust nebula depend on particle composition 
(whether metallic or dielectric) and on the particle size distribution, since 
particles of different sizes have different scattering diagrams and the albedo 
of dielectrics is relatively high. For particles less than 0.1 mm in diame- 
ter, most of the incident light is reflected backward, whereas for much 
smaller particles most of the incident flux is reflected forward. 

Comparison of theory with observations indicates that high-albedo 
{about 0.7) particles with diameters of about 0.54 apparently predominate. 

Diffuse nebulae often show both a continuous spectrum and emission 
lines. In some cases, e.g., in the Orion Nebula, the continuous spectrum 
is definitely attributed to the dust particles. Shain, Gaze, and Pikel'ner 
studied about 40 diffuse nebulae on photographs taken through various light 
filters. They found, in addition to the previous spectrophotometric results, 
that it was impossible to clearly distinguish between gaseous and dust 
nebulae. Their calculations show that emission nebulae may contain large 
quantities of dust, without showing the characteristic continuous reflection 
spectrum. Moreover, in numerous gaseous nebulae the previously dis- 
covered continuous spectrum is associated with gas emission. For a long 
time the continuous spectrum of various planetary nebulae, which are 
definitely dust-free, remained without any satisfactory explanation. Kipper 
and others were apparently right in linking it up with two-photon emission 
from the hydrogen metastable level. In weak emission nebulae, the two- 
photon radiation of hydrogen and the scattered star light are apparently of 
comparable intensity. 

Bright gaseous nebulae show dark dust spots and veinlets. The luminous 
mass of the nebula is often cut by dark intrusions known‘as "elephant 
trunks.'' These are probably the result of interaction between hot and cold 
dust-contaminated gas masses, which create shock waves. 

Dark nebulae often have a "silver lining" along the edges. The gas may 
be excited to luminosity by collisions at a shock wave front, or alterna- 
tively, because of the asymmetric scattering by dust particles, a higher 
reflected flux reaches the observer from the edges of the nebula. 

Some stars, mostly T Tau stars, are associated with small comet-like 
nebulae with their head toward the star. These nebulae have mixed spectra. 
In Ambartsumyan's opinion, the continuous spectrum is attributed neither to 
dust nor to two-photon emission but actually to ejection of protostellar 
matter from the star, which is stillinthe process of formation. 
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Part Five 


THEORY OF STELLAR ATMOSPHERES 
AND GASEOUS NEBULAE 


The theory of formation of stellar spectra constitutes the foundation 
of theoretical astrophysics. The achievements of quantum mechanics, which 
provided exact tools for computing the optical properties of many atoms 
and molecules, and the development of new methods in the theory of radia- 
tion scattering led to considerable advances in this branch of astrophysics 
in recent years. On the other hand, substantial observational material has 
been accumulated, which markedly promoted the theoretical interpretation 
of stellar spectra. This naturally greatly contributed to-our understanding 
of the physical processes in various celestial objects. 

We will now proceed with a discussion of the theory of formation of the 
spectra of stars and gaseous nebulae and also briefly present the conclusions 
drawn from a comparison of the theory with observations. The theoretical 
aspects pertaining to the spectra of the Sun, the planets, comets, and the 
interstellar medium are treated in Volume III of this Course. 

The present part comprises four chapters. Chapter XIV deals with 
stellar photospheres, i.e., the layers where the continuous spectrum of 
stars originate. Chapter XV is devoted to the stellar atmospheres, where 
the line spectrum forms. In these two chapters the treatment is based in 
the first approximation on the assumption of local thermodynamic 
equilibrium (e.g., the distribution ef atoms over states is described by 
Boltzmann and Saha equations). This approximation greatly simplifies the 
calculation of stellar spectra. 

Chapter XVI describes the physical processes in gaseows nebulae. The 
nebular spectrum comprises isolated bright lines on a weak continuous 
background. The nebulae emit in the visible spectrum by degradation of 
the high-frequency stellar radiation, and the assumption of thermodynamic 
equilibrium is no longer valid. However, because of the exceedingly low 
density of radiation and matter innebulae, the analysis of physical processes 
in these systems does not present particular difficulties. 

Chapter XVII is concerned with stars with bright spectral lines. These 
stars eject gaseous matter and therefore they are surrounded by an 
expanding envelope. The emission mechanism of these envelopes is 
fundamentally similar to the emission of nebulae, although quantitatively 
it is somewhat more complex. 

The general physical concepts used in the following treatment were 
tackled in the first chapter of Vol. I of this course. 
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STELLAR PHOTOSPHERES 


§82. Radiative equilibrium of a stellar photosphere. The photosphere 
is that layer of a star which emits the continuous radiation actually reaching 
the observer. Below the photosphere lies the stellar interior, which is 
inaccessible to observations, and above it extends the atmosphere which 
produces a line spectrum. The division of the surface layers of a star into 
photosphere and atmosphere is clearly artificial, but it is nevertheless 
highly convenient in theoretical and applied work. 

The main object of the theory of stellar photospheres is the analysis 
of the radiation field in the photosphere. In particular, the theory should 
give the energy distribution in the continuous spectrum of the star. Com- 
parison of theoretical spectra with actual observations provides certain 
information on the physical constitution of stellar photospheres. 

The fundamental assumptions of the theory of photospheres are the 
following: 

_1. The photosphere has no energy sources and sinks. More precisely, 
the energy is generated in the stellar interior and is only transmitted 
by the photosphere on its way out. This assumption is quite reasonable, 
since the physical conditions in stellar photospheres are not particularly 
far from the conditions attainable in terrestrial laboratories, where genera- 
tion of tremendous quantities of energy is definitely ruled out. 

2. Energy is transferred from the stellar interior to the outside by 
means of radiation. Calculations show that energy transfer by heat 
conduction and convection is of no significance in stellar photospheres. 

3. The star is in a stationary state. This assumption is not applicable 
only to a very smallijminority of stars, which reveal rapid fluctuations of 
magnitude and spectral type (e.g., novae). Discussion of these stars is 
deferred to a later stage. 

A medium in which the above assumptions hold true is said to be in 
radiative equilibrium, and the theory based on these assumptions is called 
the theory of radiative equilibrium. In the following we are concerned 
exclusively with the theory of radiative equilibrium of stellar photospheres. 

Let us write out the fundamental equations of the theory. As we have 
already noted, radiative transfer of energy predominates under conditions 
of radiative equilibirum. We should therefore use the equation of transfer 


(see Vol.I, Ch.1I) 


dl 
= ey — Ayly, (1) 
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where /, is the intensity of radiation, e, is the emission coefficient, 
a. is the absorption coefficient (at frequency v). Equation (1) shows how the 
radiation intensity varies along the path s. 

Each volume element in a state of radiative equilibrium emits precisely 
what it absorbs. The quantity of energy abosrbed by unit volume from 
all directions at all frequencies is 


Yad \ I, do, 


and the quantity of energy emitted by this volume in all directions at all 
frequencies is 


so that 


4n Fed [ava { ido. (2) 


0 


Eqs. (1) and (2) are the fundamental equations of the theory of radiative 
equilibirum of stellar photospheres. 

In the initial stages of the development of this theory, a constant absorp- 
tion coefficient was assumed. We will adopt this assumption in the first 
stage of our discussion (putting ay=c), Integrating Eq. (1) over the frequen- 
cies and putting 


(aval, \evav=e, (3) 
0 0 
we obtain 
at eal. (4) 


Equation (2) takes the form 


4ne=a \ Idw. (5) 


The parameters a and e entering equations (4) and (5) are functions of 
the distance r from the center of the star only, and the integrated radiation 
intensity / is a function of the distance r and the angle # between the 
radius-vector andthe beam direction. Making use of this fact, we rewrite 
Eq. (4) in the form 


cos $ 5-——~ 5 =e—al, (6) 
However, the equation of transfer (6) is used only for stars with extende 
photospheres (e.g., Wolf—Rayet stars), which will be treated separately. 


In the majority of normal" stars (in particular, the Sun) the photosphere 
is thin compared to the star's radius. For normal stars the curvature of 
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the photospheric layers is thus ignorable, and they can be regarded as 
planeparallel. In this case the angle @ remains constant along the beam, 
and we get from Eq. (6) 


cos 2! eal. (7) 


Note that Eq. (7) is obtained directly from Eq. (4) by putting ds=dr sec? 
(Figure 136). 


FIGURE 136 


To simplify Eqs. (5) and (7), we change over from rto a new independent 
variable, the so-called optical depth t: 


t= (car. (8) 


Furthermore, we take 


<=B, (9) 


Eqs. (5) and (7) can now be written in the form 


_{, 40 
ieee ie 


In Eqs. (10), B is a function of t, whereas / is afunction of + and #. 
Seeing thatin spherical coordinates the solid angle element is dw= sin ddddgQ, 
and integrating over 9 fron 0 to 27, we obtain from (10) 


B(t)=> \ I(x, 8) sin ¢ de, 


Q 


11 
=/(t, 6)—B(t). ae 


di (t, @) 


cos 0 ee 


_ 


The theory of radiative equilibirum of stellar photospheres with frequency - 
independent absorption coefficient thus reduces to the solution of Eqs. (11), 
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Eqs. (11) and analogous systems often encountered in astrophysics 
served as the subject of numerous studies. Several methods have been 
developed for the solution of these systems, some of which are considered 
in the following. 

First approximate method /1,2/. We introduce the mean 
intensity of the radiation propagating in the upward direction and the mean 
intensity of the radiation in the downward direction. Using /,(t) and J, (t) 


for these intensities, we have 


at | 


T(x, O)sinddd, 1,(t)= \ I(x, $)sind dd. (12) 


me P| 


hos 


— 
we 


The first equation in (11) can now be written in the form 


4 

Bt) = [i (t) +4, (0)]. (13) 
The second equation in (11) is multiplied by sint dd and integrated from 
Oto >. This gives 


2 V1, 0) cos dsin 0 dé = /, (t) — B(t). (14) 
0 


The integral in the left-hand side of this equation is approximately 
representable in the form 


I(t, @)cos@sind d= 47, (x), (15) 


otha 


where 1/2 is the meanvalueofcos 0, averaged over the upper hemisphere. 
Eq. (14) now reduces to 


5 | 
7 SO = 1, (1) — B(x), (16) 


Multiplying the second equation in (11) by sinédé and integrating from 


: ton, we similarly obtain 


1 di 
— $22) _ 7, (x) — B(x). (17) 


Eqs. (11) are thus replaced by the approximate equations (13), (16), and 
(17), which can be solved without difficulty. 
Adding Eqs. (16) and (17) term by term and using (13), we find 
L()—1,(t) =F, (18) 
where Fis constant. Subtracting (17) from (16) and using (18), we find 


F(t) +4, (t) = 2Ft+C, (19) 


where C is another constant. 
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The physical meaning of Fis obvious. The radiation flux in our 
approximation is 


H=\ Icostdw=2n( $1, —F1,) =(,—1,). (20) 
Comparing (18) and (20) we get 
H=nxF, (21) 


Eq. (21) expresses the condition of constant radiation flux in the photosphere, 
which is a consequence of the absence of energy sources and sinks in the 
photosphere. The constant F is determined by the boundary flux values, 
i.e., it can be found from observations. 

To find the constant C, we should remember that at the boundary (t=0) 
the downward (incoming) radiation flux is zero. Solving (18) and (19) for 
i, (t) and seeing that J, (0)=0, we find 


C=F. 


Inserting this result for C in (19), we find the sum /,+/,, which when 
inserted in (13) gives 


B()=F(t+5). (22) 


If the function B(r)is known, the second equation in (11) can be used to 
find the radiation intensity /(t, 6). We have thus obtained a complete 
solution of the problem. 

Second approximate method /3/. Consider the fundamental 
equations in the form (10). The second equation is integrated over the 
solid angles. Using the first equation, we obtain 


This again implies that the flux is constant throughout the photosphere. 
Multiplying the second equation by cosé and integrating over the solid 
angles, we find 


Fz | 100s? 8 do =H. (23) 


The mean value of cos*# (which is 1/3) can be taken outside the integral, 
and using the first equation we get in this approximation 


4x dB 
3 arnt. (24) 
Hence 
3 


where C is a constant. 
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C is obtained from the boundary condition. Clearly, at the boundary 
B()=41,(0), H=al,(0) 
(see Eqs. (13) and (20)). Therefore, 
ced 
B() ==. (26) 
Using (26), we find from (25) 
H 
C=5- A 
Inserting this result for C in (25) and using (21), we finally get 


Bi)=F(F+$r). (27) 


Expression (27) for B(t) is not greatly different from expression (22) 
obtained by the previous method. 

Reduction to integral equation. The most natural method to 
find an exact solution of Eqs. (11) is the following. The second equation is 
solved for /J(t, 6) and the result is inserted for J (t, #)in the first equation. 
This gives a linear integral equation for B(t). 

The second equation in (11) yields 

I(t, 8)=( B(r')e“-9 89 sec B dr’ (O<F), (28) 


t 


Tt 
I(t, )=— y B(x’) e-(’-1) 800 © sec ® dr’ (@ > 3) ‘ (29) 
0 


Inserting this expression for /(t, 0) in the first equation in (11) and 
changing the order of integration, we get 


B(=> ( B(x') dt’ 


T 


e—(t’-0) set O seg O sin O dd — 


Ot NOI 


t 14 


: \ B(t’) dt’ ( e—(*’—t) sec $ seg Hsin Odd. 
n 


~~? 
QO 
2 


Putting sec $= 2 inthefirstintegraland -secl#=z in the second and 


seeing that sec? sin ade-%, we obtain 


Be) =4( B(r'yar' | ewe SS \ B(x')de’ ( e-t-vr 2 (30) 
t rt 0 


Since the argument of the two exponentials can be written as —/t—vt’[z, 
Eq. (30) is presented in a more compact form: 
B(=t | B(ryae J errr S, (31) 
0 1 
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The kernel of Eq. (31) is an integral exponential function defined by the 
equality 
Eiz= { ee oF (32) 


z 
1 


Note that Ziz has a logarithmic singularity for z=0, and for z—omit goes 
to zero as = 


Using (32), we rewrite the integral equation for B(t)in the final form 


Bwy=t \ Ei\x—v'|B(x') dr’. (33) 
0 
Integral equation (33) has been considered by various authors. The 
most comprehensive analysis is that of Hopf /4/. He obtained the exact 
solution of (33) in the form 


B(ty=TFirt+a(), ($4) 
where q(t) is a function which varies slightly-between 


9) =e =0.58 and q()=0.71. 
Let us compare the above approximate expressions for B(t) with the 
exact expression (34). Comparison of Eqs. (27) and (34) shows that both 
give the same result at large optical depths. At the boundary (t= 0), the 


approximate expression (27) gives 


while the exact result is 


B(0)= VS F. 

Reduction to a system of differential equations, 
Recently Chandrasekhar has developed a new method for the solution of 
various problems of radiative transfer. A detailed discussion of this 
method will be found in his book /5/. Here we will briefly consider 
Chandrasekhar's method in application to Eqs. (11). 

Let cos #=n and rewrite Eqs. (11) in the form 


+1 
4 
B(wb=> \ I(t, 1’) dn’, 
z J (35) 
7 SED — 1 (0, 9) — Bn). 


The integral can be represented by a sum using Gauss's formula for 
numerical quadratures: 


+1 n 
( I(t, n) dq= > a,J (tT, n;). (36) 


-l j=—n 
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Here tgs +++) Nas Ths «++ Mn (1_7=—1,;) are the roots of the Legendre polynomial 
P,,(n), and a; are weights (24,;=a_,). Representation (36) becomes progres- 
sively more exact as we take larger and larger a. 

In the a-th approximation, Eqs. (35) are replaced by a system of linear 
differential equations of 2n-th order: 


di 1 2 
Uge =i zy Dead; (i= + 1, + 2, wey HR). (37) 


The arbitrary constants entering the generalsolutionof this system are 
determined from the following condition: the solution must be free from 
terms which grow exponentially with t,/_, = 0 for t= 0(i=1,2,...,n). 
The radiation flux is assumed known, so that one more constant is defined. 

As an example, let us solve (37) tofirst approximation. For n= 1 we 


1 


have 4 =—7.,= ,@4=a,=1, Egs. (37) therefore reduce to 


y3 
1 d/J 1 
Va a eh Zhth) (38) 
1 dl 4 
~ V3 a= las (7, +44). 


The solution of Eqs. (38) for the above boundary conditions gives 


B= FF( r+ (39) 


4 
va): 
Note that this simple formula gives exact values of B(t) not only for 
large t (as (27)) but also for t= 0. This property of the solution is 

conserved in the higher approximations also. 

§83. Brightness distribution over the stellar disk. The above results 
make it possible to determine the radiation intensity at any optical depth. 
In particular, we can calculate the 
intensity of outgoing radiation, i.e., 

I (0, 3). The intensity of the radiation 
leaving the star at an angle #@ to the 
normal is clearly the luminance of the 
stellar disk at angular distance @ from 
the center (Figure 137). 

In the previous section we derived 
Eqs. (28) and (29) for the radiation 
intensity J (t, 6) in terms of B(t). To 
determine the outgoing radiation inten- 
sity, we should take t = 0 in Eq. (28), 
FIGURE 137 which gives the intensity of upward (in 


our case outgoing) radiation ¢< +. 


Writing t for the variable of integration t’ we obtain 


1(0, 8) = \ B (x) e-*8e2® sec dt. (40) 
0 
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Let us first determine the distribution of luminance over the stellar 
disk taking the approximate expressions for B(t), Inserting first (22) and 
then (27) in (40), we find respectively 


1(0, #)=F(++4cos (41) 
sah (4 +0088) 
1(0, 8) =F (Zt Zoose ). (42) 


It follows from Eqs. (41) and (42) that the central brightness of the disk 
is much greater than the limb brightness (by a factor of 3 according to (41) 
and 2.5 according to (42)). This result is understandable, since the 
radiation reaching the observer from the center of the disk originates in 
effectively deeper-lying photospheric layers than the limb radiation. 

Let us now derive an exact expression for this limb darkening. This 
effect can be determined by inserting the exact expression for B(t) in 
Eq. (40). The remarkable point of the entire treatment, however, is that 
the exact expression of limb darkening can be found even if B(x) is not 
known. This possibility was first indicated by Ambartsumyan. 

In his work on the theory of light scattering in planetary atmospheres, 
Ambartsumyan developed a method which gave the intensity of the outgoing 
radiation irrespective of the radiation field in the inner atmospheric 
layers. The essential feature of this method is the following "invariance 
principle": the reflectance of a medium of infinite optical thickness does 
not change if another layer of identical optical properties is added on top. 
Examination of processes which take place in an added layer of infinitesimal 
optical thickness leads to certain functional equations for the intensity of 
the outgoing radiation, 

Detailed discussion of Ambartsumyan's method is unfortunately beyond 
the scope of the present treatment. The application of this method to our 
problem of brightness distribution over the stellar disk leads to the 
following result /6,7/. Let 9(n)be the ratio of the disk brightness at an 
angular distance #= cos ‘nfrom the center to the limb brightness; 9(n) is 
described by the following functional equation: 


gn’) 


1 
P=1+9(F | Et dn. (43) 


Eq. (43) is readily solved by numerical methods. Some numerical 
results are listed in Table 1. Note that according to this table the exact 
ratio of the central to limb brightness is 2.91, 


TABLE 1 


n | o fo. 


0.2 | 0.3 | 0.4 | 0.5 | 0.6 | 0.7 | 0.8 | 0.9} 1.0 


1,00 | 4.25 | 1.45 | 1.64 | 1.83 | 2.01 | 2.19 | 2.38 2.55|2.79 2.91 


Another method for calculating the intensity of outgoing radiation without 
considering the processes inside the transmitting medium was proposed by 
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the author /8/. ‘The method is based on the derivation of linear integral 
equations for the intensity of reflected or transmitted radiation directly 
from the fundamental equations of transfer. 


.7 
Multiplying the first equation in (35) by ene and integrating from 0 
to co, we obtain 


TO at et , -fdt 44 
0, m=z \ dn’ { 7(, n’e a (44) 
-1 0 


Changing over from y to y’ in the second equation in (35), multiplying by 


eat and integrating from 0 toa, we find 


=: t 
ve nt — WO, n)—n/ (0, 1) 45 
\ ie ne n i = . (45) 


Insertion of (45) in (44), remembering that /(0, 7‘)= 0 for n’ <0, gives 


1 


y— 0 ),t+7)_ 1 uy ') dnt 


This linear integral equation with a Cauchy type kernel can be solved 
explicitly by standard methods. 

The above theoretical law for the distribution of brightness over the 
stellar disk is on the whole confirmed by observations, mainly those of 
the Sun. Some information on limb darkening is also provided by analysis 
of the light curves of eclipsing variables. 

Note that we have so far dealt with integrated (over all frequencies) 
luminances. Actual observations, however, give the distribution of lumi- 
nance at certain wavelengths. A theoretical analysis of limb darkening 
at various wavelengths will be given in a later section. 

§84. Energy distribution in the continuous spectrum. The starting 
assumption of radiative equilibrium in stellar atmospheres is definitely 
justified for all stationary stars. However, this assumption is insufficient 
for the development of a detailed theory of stellar photospheres, which 
should consider the radiation field at various frequencies. Fortunately, 
the actual conditions in photospheres admit of another greatly simplifying 
assumption, namely the hypothesis of local thermodynamic equilibrium. 

As we know, thermodynamic equilibrium is established inside a 
constant-temperature cavity. Consider a volume element of unit optical 
radius at some point in the photosphere. The radiation reaching the center 
of this volume originates almost entirely inside the volume. Since the 
stellar matter is highly opaque, this volume is fairly small. The condi- 
tions inside the selected volume therefore are not greatly different from 
the conditions inside the radiation cavity. 

The hypothesis of local thermodynamic equilibrium is clearly fully 
applicable to deep-lying layers of the photosphere (with optical depth of 
a few units). Its applicability to the upper photospheric layers naturally 
requires special consideration. Suitable investigations have shown that 
the radiation field in the photospheres of ''normal" stars is indeed 
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consistent with the hypothesis of local thermodynamic equilibrium. As 
we Shall see in the following, this conclusion also emerges from a compa- 
rison of the theoretical energy distribution in stellar spectra obtained 
from this hypothesis with actual observations, 

The assumption of local thermodynamic equilibrium, however, does 
not apply to certain classes of ''anomalous' stars. These include, e.g., 
Wolf— Rayet stars with extended envelopes. These stars are treated 
separately (see Ch. XVII). 

The hypothesis of local thermodynamic equilibrium implies that any 
point in the photosphere is characterized by its own temperature which 
entirely determines the distribution of atoms over energy levels and the 
distribution of radiation over frequencies. In particular, ina state of 
local thermodynamic equilibrium, a definite relation is observed between 
the integrated radiation density e and the temperature Tf at any point, 


namely: 


e=al, (47) 


where a is the Stefan constant. Since the theory of radiative equilibrium 

provides a relation between the radiation density op and the optical depth rt, 

Eq. (47) can be applied to determine the temperature 7 as a function of r. 
The radiation density is defined as 


=2\ Ido, (48) 


where cis the velocity of light. Comparison of this equation with the first 
equation in (10) yields 


e= “2B. (49) 


Inserting for B in (47) its approximate expression from (27), we find 


4nF/ 41, 3 
o= (F491). (50) 
Comparison of (47) with (50) yields 
4nF / 1 3 
Ma (Stgt : (51) 


The radiation flux xF is conveniently expressed as the radiation flux 
from a blackbody surface at some temperature 7,. In other words, we take 


mF = oT, (52) 


where o= +, T, is called the effective temperature of the star. It is 
related to the luminosity £ of the star and its radius & by 


L=4nR'oT$, (53) 
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Inserting (52) in (51), we obtain 
ae 13 
T =T(3+41). (54) 


This is the final form of the expression relating the temperature 7 to the 
optical depth rt. 
It follows from (54) that the surface temperature of the star is given by 


a * =0.841T,. 
This is an approximate equality, since we have used an approximate 
expression for the function B(t)in the derivation. The exact relation 
between 7, and 7, is T,= 0.8117,,. 
In a State of local thermodynamic equilibrium, the Kirchhoff— Planck 
law should apply at any point in the photosphere: 


e hve 4 
=a (55) 


a, nv. 


Using this law and the above results of the theory of radiative equilibrium, 
we find the energy distribution in the continuous spectrum of a star. 

Consider the equation of transfer (1). Changing over from s to a new 
variable r, we obtain 


dl, 
cos $ =~ = —ayly+ey. (56) 


Introducing the optical depth t,, defined by 


we write Eq. (56) in the form 


d 
aq l(t, B) — By (ty), (57) 


e.. 
where 8,= a 


From Eq. (57) we obtain the following expression for the outgoing 
radiation intensity: 


Ty(0, 8).= | By (ty) e7¥°? see 8 dry, (58) 
0 


Inserting in (58) the expression for B, from the Kirchhoff—Planck law, 
we obtain 


oO ty secd 
1y(0, 0) = ( £0 8 dry. (59) 
0 ehT__4 
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Eq. (59) is valid for any dependence of the absorption coefficient on 
frequency. First suppose, as before, that the absorption coefficient is 
independent of frequency (i.e., t=t). In this case the temperature Tis 
expressed in terms of the optical depth t by Eq. (54), and Eq. (59) is thus 
replaced by 


I, (0, #)= aa y _eTThl? sec tae (60) 
0 av (! 3.) 
ehTe 


Eq. (60), in particular, gives the brightness distribution over a stellar 
disk at a given frequency v. Comparison of the theoretical brightness 
distribution over the disk of the Sun with actual observations at various 
frequencies revealed satisfactory agreement. This indicates that the 
assumption of frequency-independent absorption coefficient in the visible 
spectrum is not too improbable for the solar photosphere. 

Note that Eq. (60) is often replaced by a simpler formula, which is 
derived as follows. Expanding B,(7) in powers of t, we retain only the 
first two terms, i.e., 


By (T) = By (T)) (1+ yt), (61) 
where 
3% otf aB, aT 3 hv 4 
Beery Lar de leo Fe (62) 
1—e To 


Inserting (61) in (58) we find 


I, (0, 6) = By (7,) (1+ By cos #) 
or 
1,0, 8) =) (0, + )(1+Bycos 9). (63) 


Eq. (63), however, leads to considerable errors owing to the low accuracy 


of the expansion (61), 
Using Eq. (60), we can determine the outgoing radiation flux at frequency 


v, uSing the standard relation 


7 
2 
Hy (0) =2n \ Ty (0, 9) cos $ sin 8 dd. (64) 


Inserting (60) in (64) gives 


2hvs 
C2 


H, (0) = \Sorrerenrac (65) 
hv 


hte (+74) 


where 
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The radiation flux H,(0)determines the energy distribution in the contin- 
uous Spectrum. It is a fundamental theoretical parameter to be compared 
with observation results. 

Calculation of A,(0)from Eq. (65) leads to the following conclusion, The 
theoretical energy distribution in the continuous spectrum is very close to 
a Planckian distribution at a temperature equal to the star's effective 
temperature. In other words, the radiation flux H,(0)is approximately 
given by 


H, (0) =" —- (66) 


It is only in the far ultraviolet that the radiation shows a marked excess 
compared to the Planckian curve, and this excess increases with increasing 
frequency v. 

Observations show, on the other hand, that the energy distribution in 
the continuous Soectra of stars is definitely non-Planckian. The deviation 
from the Planckian distribution is not very large for the Sun and other 
stars of spectral types Gand F, but it is highly pronounced for stars of 
Spectral types A and B. For A and B type stars the spectrophotometric 
temperatures differ between wide limits for different parts of the spectrum. 
For example, AO stars have spectrophotometric temperatures of about 
15,000° at frequencies below the limit of the Balmer series, whereas 
above the Balmer limit the temperatures are about 11,000°. Another 
characteristic feature of A and B spectra is the jump in intensity near the 
Balmer limit. Thus, in the spectra of AO stars the intensity drops to 
about 1/3 on crossing from frequencies below the Balmer limit to frequen- 
cies above the Balmer limit. 

It is thus clear that the divergence between the theory and the observa- 
tions is most considerable. Eq. (65) was derived assuming an absorption 
coefficient independent of frequency, and we will See in the following that 
without this restrictive assumption the theory does indeed show a good fit 
with observations. 

§85. Theory of stellar photospheres with a frequency-dependent 
absorption coefficient. The abosrption coefficient in fact is a highly com- 
plex function of frequency, which varies for different depths in the photo- 
sphere of the same star and is of course different for different stars. 
Development of photosphere theory with allowance for the dependence of 
the absorption coefficient on frequency is therefore a difficult undertaking. 

We will first consider the mathematics of this problem, regarding the 
absorption coefficient a, as a known function of frequency. 

In the first approximation, our problem can be Solved as follows. We 
start with the fundamental equations of transfer for stellar photospheres, 
Eqs. (1) and (2). Integrating Eq. (1) over the frequencies and writing 


— fajsydy 
~ Siydv : (67) 
we obtain 
aI — 
as = al +e. (68) 
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Using (67), we rewrite Eq. (2) in the form 


4ne=a | Ido. (69) 


The a defined by (67) is the absorption coefficient averaged over the 
frequencies with weight /,. Strictly speaking, the weight is an unknown 
function of frequency, which furthermore depends on position and direction. 
Therefore, in calculating the average coefficient a, we assume that the 
radiation intensity /, is approximately described by Planck's equation with 
a temperature corresponding to the given position in the photosphere. In 
this case a is only a function of position in the photosphere. 

In this approximation Eqs. (68) and (69) are no different from Eqs. (4) 
and (5) obtained assuming a frequency-independent abosrption coefficient. 
We may therefore apply all the previous results obtained by solving 
Eqs. (4) and (5). In particular, we may use Eq. (27) to describe the relation 
of temperature 7 to optical depth tr. In the case under consideration, the 


optical depth is defined by 


oe (adr. (70) 


Calculation of energy distribution in stellar spectra is obviously of the 
greatest interest. These calculations require Eq. (59), which defines the 
function /, (0, 8) for an absorption coefficient which is an arbitrary function 
of frequency. Since in this equation the temperature is a function of t, 
while ty is the variable of integration, we should first establish a relation 
between tand t,. It is difficult to establish an exact relation between the 


two quantities, since 2 is variable with depth. Approximately, however, 


we may take 


wa (adr fadrn Ss, (71) 


where for ~ we take its value in the topmost surface layers of the star. 
a 


Using (71) and (27), we obtain from (59) 


hy 
ise - = sec $ 
DA 3°87 e a 
\ =e eae sec 0 
0 


hy a 
ce es 


- drt, (72) 


a 


I, (0, b)= 


ie. 


This is a fairly crude method for the determination of the radiation 
field in the photosphere. It nevertheless gives satisfactory reSults in cases 
when the absorption coefficient is not particularly sensitive to frequency. 
As we shall see in the following, this is indeed the case in the Sun's 
photosphere. 

A rigorous theory of photospheres should proceed from simultaneous 
solution of Eqs.(1), (2), and (55). Changing over in Eq. (1) from s to a new 
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variable r, we write these equations in the form 


dJ 
cos $ —- = —ayly tev, 
on oo 
4n\ eydv= \ aydv \ I, du, 73 
Veet ea (73) 
fy _ 2hvi i 
a, c Av 
¥ ctT_Y 


The absorption coefficient a, entering the above equations is a function 
of temperature and density. Since the distribution of density in the 
photosphere is related to the temperature distribution and is derived from 
the conditions of mechanical equilibrium, the equation of mechanical 
equilibrium must in general be added to the three equations in (73). 

The absorption coefficient is often written as a product of two functions, 
of which one depends only on the frequency v and the temperature 7, and 
the other on the temperature 7 and the density gp, i.e., 


ay=O(v, T)¥(T, 9). (74) 


In this way, we avoid the determination of density distribution in the 
photosphere, since r can be replaced by a new independent variable 


t= ( W(T, e)dr. (75) 


The three equations in (73) are now readily reduced to a single integral 
equation which expresses the temperature 7 as a function of £. The constant 
figuring in the solution of this homogeneous equation is determined from 
the given total radiation flux Hl. 

The corresponding equation is highly complex. Mustel' /9/ therefore 
proposed other (approximate) methods for solving Eqs. (73) subject to 
condition (74). 

Let us now consider the dependence of the absorption coefficient on 
frequency. Since hydrogen is the most abundant element in the surface 
layers of stars, it apparently makes the main contribution to radiation 
absorption. We are therefore concerned primarily with absorption of 
radiation by hydrogen atoms. 

The volume absorption coefficient of hydrogen atoms is expressed by 
(Vol.I, Ch.I, §9) 


xi 


. nts AT x CA ae. -= 
ay=nn cyaar tL Pee a |e kT), (76) 


(2umkT)* 


Here n, and n* is the number of free electrons and protons in 1 cm, 
respectively, x, is the energy of ionization from the i-th state. The first 
term in brackets accounts for free-free transitions; the second term for 
bound-free transitions (i.e., photoionization). The summation over i is 
performed remembering that ionization from the i-th state involves absorp- 
tion of quanta with energies hv>x,. Therefore, in the spectral region 
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beyond the limit of the Lyman series the summation begins with t= 1, 
between the Balmer limit and the Lyman limit the summation begins with 
i= 2, etc. The derivation of (76) implies validity of Boltzmann and Saha 
equations for the distribution of atoms over states, i.e., the assumption of 
thermodynamic equilibrium is utilized. 

It is interesting to establish the variation of the absorption coefficient 
with temperature. Note that the temperature enters Eq. (76) implicitly, 
through n*. Eq. (76) should therefore be considered in conjunction with 
the ionization equation 


3 
Nel” (2umkT)* re a (77) 


ny 1 : 
which gives the relative number of ions as a function of T. 

If the temperature in the photosphere is less than 7,000—8,000°, the 
great majority of hydrogen atoms are neutral. Therefore, to determine 
the explicit dependence of a,on 7, we should pass in (76) from n,n’ to the 
number of neutral atoms n, (which is virtually equal to the total number of 
hydrogen atoms). In this case we obtain 
%-%; 


x; - cH Av 
Bee er [eo 42 SS] Se), 78) 
t 


Sy 3V 3c if va 


Since for hydrogen Ms 157,200 and x,=%, Eq. (78) shows that in the 


photospheres of late-type stars hydrogen atoms absorb radiation only in the 
Lyman continuum, This is clearly due to the negligible number of excited 
hydrogen atoms at low temperatures. On the other hand, the frequency 
distribution of radiation at low temperatures is peaked in the infrared. We 
thus conclude that in the photospheres of late-type stars the absorption of 
radiation by hydrogen atoms is negligible. 

As the temperature increases, the hydrogen atoms absorb progressively 
more. This is associated with the increase in the number of excited atoms 
and with the displacement of the peak of the spectral curve toward higher 
frequencies. At temperatures over 8,000°, a, should be calculated from 
Eq. (76) taking n* and n, equal to half the number of hydrogen atoms in 1 cm?, 
We see from Eq. (76) that as the temperature is further increased, a, slowly 
decreases, 

As the abundance of hydrogen atoms is greater than that of all the other 
elements combined, the absorption of radiation in the photospheres of hot 
stars is probably due mainly to hydrogen. Detailed analysis has shown 
that this is actually the case in photospheres of stars with effective tempe- 
ratures in the neighborhood of 10,000—20,000°. In the photospheres of 
hotter stars the absorption by helium atoms is no longer negligible. 

The theory of stellar photospheres with effective temperatures of 
10,000 —20,000° was developed by Mustel’ /9,10/. Since the expressions 
for the absorption coefficient of hydrogen atoms satisfy condition (74), the 
calculations proved to be of reasonable complexity. 

Figure 138 gives the theoretical curve plotting the energy distribution 
in the spectrum of a B2 star (T,= 20,000°). The Planckian curve corre- 
sponding to the same 7, is also shown: the areas under the two curves are 
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equal, both being = Ts. We see that the actual energy distribution curve in 


the stellar spectrum has nothing in common with the Planckian curve. 
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FIGURE 138 


A remarkable feature are the jumps near the limits of the different 
series. This is a consequence of the discontinuous variation of the absorp- 
tion coefficient. On crossing a series limit from lower to higher frequen- 
cies, the absorption coefficient increases discontinuously (in Eq. (76) this 
corresponds to the appearance of an additional term in the sum over :), 

By Eq. (59), the outgoing radiation flux therefore decreases discontinuously 
at these frequencies. 

Mustel' calculated the energy distribution in the stellar spectrum and 
found the Balmer jump and the spectrophotometric temperatures below and 
above the Balmer limit. The jump is defined by the equality 


H 


D=\g——? (79) 


where v, is the frequency of the Balmer limit. The spectrophotometric 
temperature 7; is obtained from the equation 


4 ig |) eee ee (80) 


The 7, values below (v<-v,) and above the Balmer limit will be denoted by 
fT; and Tj, respectively. 

The theoretical values of D, T;, Tg for stars of spectral types AO, B5, 
and B2 are listed in Table 2. The observed values are also given for com- 
parison. The theory clearly shows good fit with observations, This 
primarily indicates that hydrogen is indeed the main absorbing agent in the 
photospheres of these stars. The next conclusion is that the stellar 
photospheres do not show great departure from local thermodynamic 
equilibrium, 
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TABLE 2 
Spectral type | Ao | B5 | B2 

Te | 10 500° | 15 000? | 20 000° 

p { observed 16 500° 23000? | 26500° 

s { theor. 19 000 24 000 23 000 

Tv" observed 11000 46 000 19 000 

s Wthoor. 10 500 15 000 19 000 

D observed 0.47 0.24 0.41 
theor. 0.49 0 22 0.10 


On passing from the hot A and B stars to colder stars, the absorption by 
hydrogen atoms diminishes. At low temperatures, radiation is mainly 
absorbed by atoms with low excitation and ionization potentials. The most 
significant of these is the negative hydrogen ion, i.e., an atom of hydrogen 
with one extra electron attached (H ). 

The number of negative hydrogen ions in a stellar photosphere is 
determined by the ionization equation with neutral hydrogen atoms regarded 
as the ionized particles, i.e., 


2nmkT)- -— =H 
nat = OE Ye aT, (81) 


where n, and n is the number of neutral hydrogen atoms and the number of 
negative hydrogen ions in 1cm%. Since the ionization energy of the negative 
hydrogen ion is very low (x,= 0.75eV), nis insensitive to temperature. 
However, n, and n, are highly sensitive to temperature, and since n is 
proportional to these concentrations, it is also affected by temperature. 
The photospheres of hot stars are rich in free electrons, but the concen- 
tration of neutral hydrogen atoms is very low. For this reason they 
contain very few negative hydrogen ions. The photospheres of very cold 
stars of spectral types M,N, andS are rich in neutral hydrogen atoms, 

but contain relatively few free electrons. Therefore, they also contain 
few negative hydrogen ions. It is only in the photospheres of stars of 
spectral types F,G,K that the number of negative hydrogen ions is high. 
Calculations show that in these cases absorption of radiation by negative 
hydrogen ions plays an important, and in G-type stars even a predominant, 
role. 

The negative hydrogen ion has one discrete energy level, which as we 
have noted above is very shallow. Therefore even a quantum of very low 
frequency (hv >x,) absorbed by H’ suffices to detach the extra electron of 
this ion. The frequency dependece of the H absorption coefficient 
is most peculiar. As the frequency increases, the absorption coefficient 
does not decrease (as, say, for atomic hydrogen): at first it actually 
increases (reaching a maximum in the red region) and only then starts 
decreasing. The absorption coefficient of H” is plotted as a function of 
wavelength in Figure 139. [It has been calculated for one negative hydrogen 


10Nn. 
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The volume absorption coefficient is derived from the equality ay=nh,. 
Strictly speaking, a term associated with free-free transitions should be 
added to this expression, but in all 
the relevant cases it is generally small. 

The theory of photospheres where 


Kya” radiation is mainly absorbed by the 
3D negative hydrogen ion was developed 
40 by Chandrasekhar and Minch /11/. 
They used a method not unlike that 
Bo discussed at the beginning of this sec- 
20 tion. A good fit between the theoreti- 
cal and the observed energy distribu- 
10 tion was obtained for the solar 
é spectrum. We have already noted that 
a 4000 8000 = ‘T2000_J4MWWA a satisfactory fit is ensured even by 
A the theory assuming a frequency- 
FIGURE 139 


independent absorption coefficient. 

This is so because the absorption 
coefficient due to the negative hydrogen ion is not particularly sensitive to 
frequency in the visible spectrum. 

The good fit between the theoretical and the actual energy distribution 
in the continuous spectrum of the Sun (and other stars of this type) also 
supports the hypothesis of local thermodynamic equilibrium for stellar 
photospheres. This hypothesis has to be abandoned apparently only when 
considering the fine features of the spectra. 

In conclusion let us consider the absorption of radiation in the photo- 
spheres of stars of other spectral types. 

The absorption of radiation in the photospheres of stars colder than 
G-type is associated with neutral atoms and molecules of metals, as well 
aS negative hydrogen ions. However, the theoretical energy distribution 
in the spectra of these stars has not been studied. Moreover, the obser- 
vations do not give reliable energy distribution curves for these spectra 
owing to the presence of high-intensity molecular bands. 

As we have noted in the preceding, the absorption in stellar photospheres 
with temperatures exceeding 20,000° is associated with neutral and ionized 
helium atoms, aS well as hydrogen atoms. The expression for the absorp- 
tion coefficient due to helium ions is obtained from the general expression 
for the absorption coefficient of hydrogen-like atoms taking Z= 2 (Eq. (76) 
corresponds to the case Z= 1), The expression for the absorption 
coefficient of neutral helium is also known. However, the complete theory 
of photospheres which takes simultaneous account of the absorption of 
radiation by hydrogen, helium, and ionized helium has not been developed 
so far. One particular case was treated by Underhill /12/. 

In the surface layers of the hot supergiants, radiative transfer is 
largely governed by the scattering of radiation off the free electrons. The 
volume coefficient of scattering by free electrons is 


vane (Sr). (82) 


Comparison of Eqs. (76) and (82) shows that the ratio of the free-electron 
scattering coefficient to hydrogen absorption coefficient is inversely 
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proportional to xn’, i.e., it increases as the density of photospheric gas 
0 

decreases. The same relations show that the ratio x increases with 
Vv 

increasing temperature. In the photospheres of hot supergiants, where 


the density is low and the temperature is high, the ratio = may reach values 
v 


comparable with unity. 
Introduction of electron scattering should clearly reduce the calculated 


intensity jumps at the limits of the various series, and thus alter the 
spectrophotometric temperatures. The observations indeed seem to reveal 
an effect of this kind, but the corresponding theory has hardly been deve- 
loped. Some aspects of the theory of photospheres with electron scattering 
in application to Wolf— Rayet stars were considered by Ambartsumyan /13/ 
and Slyusarev /14/. 

§86. The structure of stellar photospheres. One of the fundamental 
problems in the theory of stellar photospheres is the variation of tempera- 
ture and density with depth. To solve this problem, the equations of 
transfer (73) should be considered in conjunction with the equation of 
mechanical equilibrium. 

Each volume element in the photosphere is balanced by the action of 
three forces: 1) gravitation, 2) gas pressure, 3) radiation pressure. 
Consider a volume element of 1cm* cross section and thickness dr. The 
weight: of this volume is gpdr, where g is the gravitational acceleration. 

Let p be the gas pressure, p’ the radiation pressure, d(p+p’) the change in 
pressure across the volume element on passing from r tor+tdr. The out- 
ward pressure force is then —d(p+p’). Equating the weight to the force of 


pressure, we get 
d(p+p’)= —godr. (83) 


The gas pressure pcan be expressed in terms of the density p and the 
temperature T using the equation of state of ideal gases: 


ei 
p= of, (84) 


where R= * is the gas constant, and p is the average molecular weight. 
The radiation pressure in case of local thermodynamic equilibrium is given 


by 
t 1 3 


The equation of mechanical equilibrium (83), combined with Eqs. (84) 
and (85), supplements the equations of transfer of the previous section, 
Eqs. (73). We have thus obtained a set of equations whose solution com- 
pletely describes the distribution of matter and radiation in the stellar 
photosphere., 

The absorption coefficient a, entering these equations is regarded as a 
known function of frequency, temperature, and density. For an arbitrary 
function of this kind, the above system of equations is very difficult to 
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solve. However, if the absorption coefficient is representable in the form 
(74), the equations are substantially simplified. As we have noted above, 
Eqs. (73) alone give the temperature as a function of ¢, defined by (75). 
Hence we obtain the relation 


dt dT 
B= V(r, @), (86) 


where - is known. Eq. (86) taken in conjunction with the three preceding 


equations constitute a system of ordinary differential equations from which 
the density p and the temperature 7’ can be found as a function of r. 

We have observed before that for atomic hydrogen qa, satisfies condi- 
tion (74). This enabled Mustel' to calculate without much difficulty the 
radiation field in the photospheres of stars of spectral types AO—B2. Using 
aT 
dE’ 
and 7 as a function of r for an AO star (7, = 10,500°), This was achieved 
by numerical solution of Eqs. (83 — 86). 

A more approximate, though much more general method of investigating 
the structure of photospheres is available. In this method, Eqs. (73) are 
replaced by the approximate equations (68) and (69), where the average 
absorption coefficient a is defined by (67) (with Planckian /,). 

Before this method can be applied, however, we should express the 
average absorption coefficient in terms of p andT. Let us derive the 
corresponding equation for a hydrogen atom. 

Using Eq. (76) fora,, we obtain 


his results for the temperature gradient Berdichevskaya /15/ found p 


bas Rr he 
24n 208 kT : T ee 
me! \ [142 un ss Je aT dy, 
0 i 


on ES 
3Y 3ch (20mkT)3/* ce 


( ayiydv=n,n* 
tt) 
or changing the order of summation and integration, 


wo 


24m 208 kT 2h [AT he ee 
Ty dv =nn- et t ard 
Je vydv=nn 3V ach GamsT le ae a aw \e fF dv 
= x; 
i 
Integrating, we obtain 
° 2intet AT 2h AT 
= oink AP A AT Ty | 
\ Solves RD Fen amenlt [124A]. (87) 
Now, 
y a fT VEE 
. 4¢ dz 2h kT \4 wf 
\eeeS(F) 25-3 (2) 5: (88) 
0 0 


Inserting (87) and (88) in Eq. (67) and using the relation 


2n*met 


nr 
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we obtain 
- 40 era x nent 
= =~ —~5 44-2.4%1 } te 
OG VS me Qnmy? ™ [ + 2.475 } (ary? * (89) 


Eq. (89) is valid for any hydrogen-like ion and, to some approximation, for 
other atoms as well. 

Note that the first term in square brackets in Eq. (89) corresponds to 
free-free transitions, and the second term to free-bound transitions. If 
the radiation is mainly absorbed by hydrogen atoms, the first term pre- 
dominates at temperatures above 400,000° and the second term below 

6 , Xi 
400,000° (since for hydrogen 7= 157,200), 

If the hydrogen is completely ionized (so that n,x=n‘~p), we obtain from 

Eq. (89) in the two extreme cases: 


a 


Or ae (90) 
(for reltively high temperatures) and 

= 2 

~ 77 (91) 


(for relatively low temperatures). Eqs.(90) and (91) are very often used 
in astrophysics. 

When the dependence of the average absorption coefficient on p and Tis 
known, the distribution of density and temperature in the photosphere can 
be determined by considering the first three equations of this section 
together with the equation 


dT =3 Tedv= —3T8a er, (92) 


which follows from (54) and (70). 

In the following we shall see that for the great majority of stars radiation 
pressure is negligible compared to gas pressure. In this case, from (83) 
and (84) we get 


R 
a t(eT)= —gedr. (93) 
The problem is thus reduced to simultaneous solution of Eqs. (92) and (93). 


Writing a=xe, we will assume at this stage that x= const. From 
Eqs. (92) and (93) we then have 


pi Oma ee (94) 
or, integrating, 
_ 4 ge T—T§ 
C= sur py (95) 


In the deep- lying layers of the photosphere, where T‘» Ti, the density 
s related to temperature by 


4 
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Inserting (96) in (92), we obtain for the temperature gradient 


Te, (97) 
Having used x= const, we obtained a~7%. Adopting this relation 
between g and 7, we find from Eqs. (90) and (91) that x is not highly variable 
with depth. The assumption of constant x was thus not very far from truth. 
Eqs. (92) and (93), however, can also be solved without much difficulty 
under more general assumptions concerning a. Taking, say, a~@7", 
where s is a parameter, we obtain 


soa 
e~T? (98) 
and 
ar gle 
eee ae a (99) 


Let us apply the above equations to the Sun's photosphere. Putting in 
(97) g= 2.7-10*, p= 1, R=8.3-10", we obtain 4 = -10-4deg/em. In 


other words, the temperature increases by 10 deg as we descend 1 km into 
the solar photosphere. Note that the temperature gradient is independent 
of the absorption coefficient. 

From Eqs. (92) and (97) we can derive the geometrical thickness of the 


dr 
at}|* 


layer of unit optical thickness, Combining the two equations, we get 


R 
ce 100 
bh ( ) 


~ 


Let 7=7'. Then |= is a characteristic of the photosphere thickness. For 


the Sun, the photosphere is about 100km thick. Since the radius of the 
Sun is 700,000 km, we See that the thickness of the photosphere is 
negligible compared to the radius. We have already made use of this fact 
at the beginning, when we treated the photospheric layers as plane- parallel. 
In deriving Eq. (93) we ignored radiation pressure compared to gas 
pressure. Let us examine the validity of this approximation. 
For the radiation pressure gradient we use the general expression 


dp’ 1 
Px — =| ayHydv. (101) 


Introducing the average absorption coefficient, we get 


dp’ aH 
oe (102) 


Let us calculate the ratio of radiation pressure to total pressure. To 
this end we divide (102) by (83). Substituting xp for a, we get 


tp 1 
d (p+ p’) : (205) 
If x= const, this ratio is constant throughout the photosphere. 


355 


Ch. XIV. STELLAR PHOTOSPHERES 


Eq. (103) makes it possible to estimate the contribution from radiation 


pressure to the overall pressure. For most stars, the fractional contri- 
bution is much less than unity; for Sun-type stars it is of the order of 
1/100. It is only in the photospheres of the hot supergiants that the radia- 
tion pressure is comparable with gas pressure. 


14, 


15. 
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Chapter XV 


STELLAR ATMOSPHERES 


§87. The Schwarzschild—Schuster model. Initially, we will regard the 
outermost layers of a star as divided into two components, the photo- 
sphere andthe atmosphere. The photosphere limits continuous 
radiation, without any absorption lines, and it is on passing through the 
atmosphere that the stellar spectrum develops absorption lines. 

This basic model of the stellar envelope is known as the Schwarzschild — 
Schuster model. It is applicable since the absorption coefficient in a 
spectral line is much greater than the absorption coefficient in the contin- 
uous spectrum, Therefore, in the outermost strata of a star, absorption 
and emission in the continuous spectrum are of no great significance, 
whereas absorption and emission in spectral lines are still quite strong. 

Let us consider the formation of an absorption line corresponding to 
the transition from an i-th to a j-th state in a given atom. Let 4, be the 
absorption coefficient of a quantum of frequency v inside the line, calculated 
from one atom (for simplicity we omit the subscripts i and j, although they 
are always implied). Further, let n(r)be the number of i-th state atoms in 
1 cm? at a distance r from the center of the star (again for simplicity the 
subscript iis omitted). The optical thickness of the atmosphere at the 
frequency vis given by 


n= \ Ayn (r) dr, (1) 


where r, is the radius at the base of the atmosphere. If the coefficient 4, is 
fairly constant throughout the atmosphere, we may write Eq. (1) in the form 


THN, (2) 


where 


N= \n(r) dr, (3) 


0 


N is the number of absorbing atoms in a column of 1 cm? cross section 
rising above the photosphere. 
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Let /,($) be the intensity of radiation emerging from the photosphere 
into the atmosphere at an angle @ to the normal. Since we are only con- 
cerned with the radiation inside the absorption line, i.e., in a very small 
frequency interval, /,(¢) can be taken constant at all the relevant fre- 
quencies. /,(#) may be assumed equal to the radiation intensity in the 
continuous spectrum near the particular absorption line. 

Our problem is to find the intensity /,(8) of the radiation of frequency v 
inside an absorption line leaving the atmosphere at an angle $ to the normal. 
I,(8)is generally expressed in units of /,(6), as the ratio 

ry (0) = (4) 
The ratio r,(#) is a shape parameter of the spectral line at an angular dis- 
tance @ from the disk center. 

The line shape in the spectrum of the entire star is also of obvious 
interest. To this end we define the ratio 


I 
eae (5) 
where H, is the outgoing radiation flux from the atmosphere at frequency v 
inside the line, and //, is the incoming radiation flux from the photosphere 
into the atmosphere (equal to the radiation flux in the continuous spectrum 
near the particular line). 

If the light in the stellar atmosphere were attenuated only by true 
absorption (i.e., due to transitions from i-th to j-th level, associated 
with absorption of corresponding quanta, without any reverse transitions, 
which emit the same quanta), the line profile could be found without any 
difficulty. In this case, we would obviously have 


1, (8) = Iq (0) eo "8°, (6) 


However, in areal atmosphere, the absorption processes are much 
more complex. The quanta absorbed by an atom inside a line may also be 
re-emitted in the same line. The emitted quanta may then be absorbed by 
other atoms, and then again emitted. In other words, the radiation 
inside the spectral line is subjected to scattering inthe stellar atmos- 
phere. Other processes (e.g., fluorescence, collisions) are also possible. 
As a result, the stellar atmosphere definitely emits a certain quantity of 
energy in the particular spectral line. Therefore, in Eq. (6), which 
describes the intensity of radiation transmitted by the atmosphere at a 
frequency v inside a spectral line, we should introduce a further term 
accounting for the intensity emitted by the atmosphere at the same fre- 
quency. It is this emission contribution that constitutes the main problem 
of the theory of line spectra. 

As the general problem of the formation of absorption lines in stellar 
spectra is highly complex, certain simplifying assumptions are introduced. 
The common simplifications are the following: 

i. The radiation absorbed by a volume element in a particular spectral 
line can be emitted in the same line only. This rules out redistribution of 
energy between different spectral lines and other processes capable of 
destroying or creating quanta of appropriate frequency. In other words, 
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the stellar atmosphere is characterized by pure scattering of radiation 
in each spectral line. 

2. The radiation absorbed by a volume element at a particular frequency 
in a spectral line can be emitted only at the same frequency. Redistribution 
of radiation over frequencies inside the line is thus also ruled out. This is 
the case of coherent scattering. 

It follows from the above assumptions of pure and coherent scattering 
that the energy emitted by each volume element at a particular frequency v 
is precisely equal to the energy that the element has absorbed. In other 
words, the stellar atmosphere is maintained in a state of monochro- 
matic radiative equilibrium. 

To arrive at a mathematical formulation of the problem, we should 
write the equation of transfer and the equation of radiative equilibrim for 
a particular line, As with the photosphere, we assume that the atmospheric 
layers are plane-parallel. In this case the equation of transfer takes the 
form 


dl, 
cos —~ = —oyly+tey, (7) 
where oa, is the volume absorption coefficient (o,=”k,) and e, is the volume 


emission coefficient. The condition of monochromatic radiative equili- 
brium is written in the form 


4ney = oy \ Iydo, (8) 


where the integration is over the solid angles. 
The optical thickness at the frequency v is defined by 


w= oyar (9) 
r 


and let 
By=—. (10) 
Eqs. (7) and (8) thus give 
dl, 
cos b= ly By 
By = N y, #2 


Van" 


(11) 


Note that Eqs. (11) are formally identical to Eqs. (10) of the preceding 
chapter. In the photosphere, however, these equations apply to integrated 
radiation, whereas in the atmosphere they correspond to a particular 
frequency v inside a spectral line. 

Eqs. (11) should be considered with appropriate boundary conditions, 
The condition at the top of the atmosphere ( ty= 0) indicates that the 
incoming radiation flux is zero: 


7,(0, #)=0 for o> +. (12) 
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The condition at the bottom of the atmosphere (t,=1}) indicates that the 
radiation intensity is equal to the incoming radiation from the photosphere: 


I(t}, )=1(0) for <4. (13) 


Our problem is thus to solve Eqs. (11) with boundary conditions (12) and (13) 
These equations can be solved by one of ths methods described in $1 
of the preceding chapter. We will use the first approximate method, 
Let /i be the average outgoing radiation iniensity (upward) and /; the 
average incoming radiation intensity (downward). Then Eqs, (11) reduce to 


1 dIy 1 aIy 
tar, ~ /y— Bu ~~? dt, =N- B,, (14) 
1 , ” 
By =a oa fy) 
From Eqs. (14) we find 
KT Fe Kl = yy 2 Cy, (15) 


where fF, and C, are arbitrary constants. 
Boundary conditions (12) and (13) take the zorm 


4j=0 for tw=0, “M=/, for y=, (16) 


where /, is the average intensity of the incoming radiation from the 
photosphere. Using (16) we find 

Tas 
tp ° 


ey ae Re (17) 


Since the constants are known, we can obtain an expression for the 
function By: 


Bost (fay (18) 
+ vA 


Inserting this expression for i, in the equation 


U 
Tt! 


Ty (0, 8) = \ Bye T° g06. 8 dey = Ly (O) eT, 
3 


which follows from the equation of transfer and boundary condition (13), we 
obtain the Sought function r, (¢). 

The shape function 7. for the spectrum of the entire star is particularly 
simple. Since in our approximation //,=aF, ard H,=x/,, we obtain by the 
second equation in (17) 


(19) 
or, by (2), 


7a TR * (20) 
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4 
443 


Note that is the fraction of the photospheric radiation transmitted 


by the atmosphere (in general, after multiple scatterings). is the 


¥v 
14-18, 
fraction of this radiation reflected back into the photosphere. 
The solution of Eqs. (11) by the second approximate method gives 


y=—z+—. (21) 
145 kN 


It is not much different from Eq. (20). 

Eqs. (11) can also be solved by the exact methods of the theory of 
scattering. The problem of the formation of absorption lines in stellar 
spectra for the Schwarzschild—Schuster model is a particular case of the 
general problem of the diffusion of radiation through a medium of finite 
optical thickness, An exact solution of this general problem was obtained 
by Ambartsumyan /1/ and Chandrasekhar /2/. 

§88. The equivalent line width as a function of the number of absorbing 
atoms. The above expression for r, enables us to find the total energy 
absorbed in a spectral line. This energy is generally measured in terms 
of the so-called equivalent line width, whichis defined as the 
width of a nearby region in the continuous spectrum whose energy is equal 
to the energy absorbed in the line (Figure 140), 


FIGURE 140 


Writing W for the equivalent line width, we have by definition 


HW= ( (H,— Hy) dv. (22) 


Hence, using Eq. (5), we find 


W= \d=n) dy. (23) 


Inserting ry from (20), we obtain 


kN 
W=\ sw (24) 
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Since 4, is presumably known, Eq. (24) relates the equivalent line width 
W to the number of absorbing atoms N. This relation is of the greatest 
significance, since it enables us to find the number of absorbing atoms 
from equivalent line width measurements. 

The absorption coefficient k,is determined by a variety of factors. We 
will consider two only: 1) radiation damping, 2) Doppler effect due to 
thermal motion of atoms. In this case we have (see Vol.I, §8) 


op -74 
a e—U" dy 
hey = Io se j (p+yFat (25) 


Here p is the distance from the line center, expressed in Doppler widths, 


i.@., 


eM, (26) 


Py we 


where v, is the center frequency of the line, v is the mean thermal velocity 
of atoms, ¢ is the velocity of light, « is the ratio of the natural line width 
to the Doppler line width, 4, is the absorption coefficient at the center of the 
line for a= 0, 

For 4, we have 


epee Ae y (27) 


IRVoU 


where m is the electron mass, e is the electron charge, f is the oscillator 
strength for the particular line. 
Eq. (25) shows that for small p, 


ky = kye-?” (p < Po)s (28) 


i.e., the absorption coefficient is determined by the Doppler effect. For 
large p, on the other hand, 
a 4 
ky = ky Vx Pp (p > Po). (29) 
i.e., the main contribution is from radiation damping. The limiting value 
p, can be obtained from the equation 


oA _ g-nh (30) 


We will evaluate the integral in (24) taking k, from (25), Since integration 
in general form is impossible, we will consider three particular cases. 

1. Small N. Let N be so small that k,N <1 at any frequency. Eq. (24) 
is thus rewritten in the form 


WeN \ kydv, (31) 


Inserting (25) in (31), we obtain 
W=Vn-“ kN. (32) 


¢ 


This expression is valid only for extremely weak lines. 
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2. Large N. Letk,N»>1, but 4yN <1 in those parts of the line where 
ky is determined by radiation damping. In this case we may use expression 
(28) fork,. Inserting in (24), we get 


Vou ie eng 
W=kN 2 | ——_“2,. (33) 
Ce Aye? 
Approximate integration gives 
W=2-" VigkN. (34) 


e 


Note that Eq. (34) can be also derived from the following considerations. 
We find the distance Av from the center of the line where r, = 1/2. 
According to (20), at this distance we should have k,N = 1 or 


kAyVe \" ‘od =1, (35) 
Hence 
Av =v — Vig kN. (36) 


Since approximately W=2Ayv, we return to Eq. (34). 

3. Very large WwW. Finally let N be so large that 4yN >1 at all 
frequencies, even far from the line center, where 4, is determined by 
radiation damping. In this case, 4, may clearly be taken in the form (29) 
for calculating the integral (24) over the entire line. Inserting (29) in (24) 
we get 

+00 4 
= a Ngv Pp 37 
Waa ky ( (37) 


c a 


oo p?4- Vi ko 


or, integrating, 


3 
W == ni Yak. (38) 


Summarizing, we see that the equivalent line width W increases with 
increasing number of absorbing atoms first as N, then approximately as 
VigN, and finally as YW. 

In the applications a somewhat modified dependence of Won JN is 
generally used. First, the equivalent width on the frequency scale Wy 
(designated W in the preceding) is converted to the equivalent width on the 
wavelength scale W,. These two equivalent widths are related by 

le (39) 


v 
Now, the number of absorbing atoms is converted to 
X= kN, (40) 


which approximately corresponds to the optical thickness of the atmosphere 
at the center of the line (since Ay, is not greatly different from &, for a <1). 
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The above equations can now be written in the following form: 
for small X, 


Ww " 
st HV Xo (41) 
for large X, 
Ww 
== —YV Ig Xo, (42) 


for very large X, 


Ww, xi or 
oe Va (43) 
In the last equation we substituted 
eT 
a= Fava ’ (44) 


where [ is the damping constant. 
W. 
The curve which plots W as a function of N (or Ig =* vs. lgX,) is called 


the curve of growth. Growth curves are constructed using Eqs. (41), 
(42), and (43) and the results of numerical integration of (24) for inter- 


mediate values of X,. 
The curves of growthconstitute afamily which depends on two parameters: 


the mean thermal velocity v and the damping constant [. The parameters uv 
and I can be replaced by the Doppler line width Ady and the natural line 
width Adz, which are given by 


Alp=a, Mte= +t. (45) 


Figure 141 shows some growth curves plotted for various values of AAp 
and AA,g. 


2 1 0 / @ & & 5 & WYK, 
FIGURE 141 


If the parameters v and are known, the corresponding growth 
curve can be used to find X, from the observed equivalent line width W. 
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If the oscillator strength / for the given line is known, the number of 
absorbing atoms Ncan then be found from X,. 

The actual situation is more complicated, however, since in stellar 
atmospheres zw is not only determined by thermal motion of atoms but also 
by the turbulent motion of the gas, whereas [Lf reflects collisional damping, 
as well as radiation damping proper. Therefore the parameters vu and I are 
never known in advance, and they should be determined separately from 
observations. 

v and I are determined using curves of growth based on observational 
data. Growth curves can be constructed owing to the presence of multiplets 
in the stellar spectra. For the multiplet lines with a common lower level, 
Nis the same and the oscillator strengths are often known. For these 
multiplets the values of lgX,, which according to (27) and (40) is expressed 
by 


V ne 
MVD 


Ig Xo= Ig f+ Ig N, (46) 
differ only by some unknown additive constant. By observing the equivalent 
line widths of the multiplet components, one can thus plot a firm growth 
curve, although the zero point on the horizontal axis is not certain. The 
corresponding sections of the growth curve can also be constructed from the 
lines of other multiplets. The different curve sections are then translated 
in the horizontal direction until they are matched, and the result is a com- 
plete curve of growth. 

Figure 142 is an example of a growth curve constructed from Fel lines 
in the spectrum of a sunspot. This curve is borrowed from Mel'nikov and 
Zhuravlev /3/. 


Ww 


ey ) 7 gx r 


FIGURE 142 


Comparison of the observed curve of growth with theoretical curves 
gives the parameters v and T for the particular star. After that the number 
of absorbing atoms WN is readily found. 

Note that joint application of growth curves and Boltzmann's equation 
gives the excitation temperature of the atoms in the stellar atmosphere. 

Growth curves are a highly valuable tool in the study of stellar atmos- 
pheres. It suffices to note, for example, that the v of supergiants is often 
found to be several times greater than the mean thermal velocities of atoms. 
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This is associated with turbulence in stellar atmospheres, The presence of 
turbulence in the atmospheres of supergiants is also borne out by other 
data /4/. 

The observed values of the parameter Ff for dwarfs are substantially 
higher (e.g., for the Sun, by a factor of 5—10) than the theoretical values 
calculated for pure radiation damping. This indicates that collisional 
damping is most significant in the atmospheres of dwarfs. The high values 
of f for dwarfs are associated with the relatively high density of their 
atmospheres. 

Numerous authors have studied the atmsopheres of the Sun and stars by 
the method of growth curves. Considerable research has been done at the 
Pulkovo Observatory by O. A. Mel'nikov and co-workers. 

§89. Chemical composition of stellar atmospheres, The determination 
of the chemical composition of stellar atmospheres is one of the fundamental 
problems of astrophysics. Its solution is of considerable interest, in 
particular, for cosmogony, since knowledge of the chemical composition of 
stars of various types is absolutely essential for developing a proper 
theory of stellar evolution, 

As we have already observed, the number of atoms of a given element 
in a stellar atmosphere is determined from the curve of growth, which 
plots the equivalent line width as a function of the number of absorbing 
atoms. The growth curve gives the initial state population of the observed 
absorption line. In order to determine the total number of atoms of a 
given element, we require a method for converting the population of one 
particular state to the population of other states. 

This conversion is generally effected using Boltzmannn and Saha 
equations, which strictly speaking are applicable only to thermodynamic 
equilibrium. Since the stellar atmospheres are definitely not in a state of 
thermodynamic equilibrium, the application of these equations leads to 
substantial errors. Therefore, an invariable side topic to be considered 
in all determinations of the chemical composition of stellar atmospheres is 
to what extent the actual distribution of atoms over states departs from the 
thermodynamic equilibrium distribution. 

The Boltzmann and Saha equations are (see Vol.I, §12) 


Xy—% 
ri 6i , eT 
—t=— f 6 ‘ 
ma €t (47) 
gt 2(2n in? ed 
n g amkT)= — > 
in ag Ee Sod 


where n,, n° andr, are respectively the number of neutral atoms in the i-th 
state, the number of ions in the ground state, and the number of free 
electrons in1cm', g, is the statistical weight of the i-th state of the neutral 
atom, g’ is the statistical weight of the ground State of the ion, x, is the 
ionization energy from the ;-th state. 

Multiplying both sides of Eqs. (47) and (48) by n,, we integrate over 
from r, toc. If the temperature in the atmosphere is constant, we get 


X,—%; 


N,=N, She” ae (49) 
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a 
= + 2 2. Mts 
aN = N, ee (50) 


where WN, and N* are respectively the number of neutral atoms in the i-th 
state and the number of ions in the ground state in a column of 1 cm? cross 
section above the photosphere; n, is the average number of free electrons 
in 1 cm? in the atmosphere (it is close to the number of free electrons in 
lcm’ near the base of the atmosphere). 

If N,(the N of the previous section) has been found from observations 
using the curve of growth, Eqs. (49) and (50) can be applied to determine 
the total number of neutral and ionized atoms of a given element (if we 


vet 
furthermore introduce an expression analogous to (50) for j-, the total 
number of doubly ionized atoms can also be found, etc.). 
However, the calculation of re from Eq. (50) requires knowledge of the 
1 


mean concentration offreeelectronsin the atmsophere. This quantity can 
be found by two methods. 

The first method is applicable to stellar spectra which show lines of 
one element at different stages of ionization. Suppose that the spectrum 
contains lines of both neutral and singly ionized atoms of some element. 

In this case the curve of growth and Boltzmann's equation give N, and N°. 
Eq. (50) is then applied to determine n,. 

The solar spectrum contains the lines of Ca and Ca‘, and also the lines 
of Sr and Sr‘. Application of this method to either pair gives approximately 
the same result, m=10!2cm73, 

The second method for the determination of n, calls for counting the 
number of lines of a given series which are observed in the stellar spec- 
trum. We know that the Balmer Series contains a different number of 
lines in the spectra of different stars. This is associated with the influence 
of charged particles on the high energy levels of the atom: as the result 
of the perturbation the outermost levels merge and become part of the 
energy continuum. The theory shows that the concentration of charged 
particles n is related to the number of the last distinguishable discrete 
level i by the equation /5/, 


Ign = 23.26 ~7.5 gi. (51) 


Here n=2n, orn=n,, depending on the temperature. 

Once nr, has been determined by either technique, we can freely use 
Eq. (50) to convert from JN, to N* and back, 

The chemical composition of stellar atmospheres has been repeatedly 
determined using growth curves and Eqs. (49) and (50). Table 1 lists the 
chemical composition of the Sun's atmsophere after Russell /6/. In this 
table N,, N*, and N,+N*are expressed in units of 6-10!? atoms per 1 cm’, 

The table gives no data on the content of helium in the solar atmosphere. 
The reason for this is the absence of helium absorption lines in the solar 
spectrum, The visible spectrum may show only helium lines originating 
in excited states. The excitation potential of helium, however, is extremely 
high. Therefore, at the relatively low solar temperatures very few helium 
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atoms are excited and they are incapable of producing noticeable absorption 
lines. Strong helium absorption lines appear only in the spectra of hot stars 
(spectral types B and QO). 


TABLE 1 

ATOMIC |) ENE ee Wigs Pte ed one | dee. ae ne ie iwane 

Pamcioae ie nt 1g N, g 8 (Nj+N*) number ment | G Ny & & (Ni+-N*) 
1 H 41.5 5.7 41.5 42 Mo 0.5 1.4 1.4 
3 Li —0.9 2.0 2.0 44 Ru 1.0 1.6 1:7 
4 Be 1.8 0.8 1.8 45 Rh —0.3 0.5 0.5 
6 Cc 7.4 4.4 7.4 46 Pd 0.6 0.9 4.1 
7 N 7.6 1.8 7.6 47 A 0.0 1.0 1.0 
8s | o 90| 3.3 9.0 48 | C 2.4 1.6 2.2 
41 Na 4.0 ye 132 49 In —2.0 0.0 0.0 
12 M 7.0 7.7 7.8 50 Sn 0.3 1.2 12 
13 ri 4.6 6.4 6.4 51 Sb 0.4 0.7 0.8 
14 Si 7.0 7.0 7.3 56 Ba —0.2 3.3 3.3 
16 Ss 5.7 3.4 5.7 57 La —0.7 1.8 1.8 
19 K 2.8 6.8 6.8 58 Ce _ 2.4 2.4 
20 Ca 4.6 6.7 6.7 59 Pr _ 0.6 0.6 
21 Sc 1.9 3.6 3.6 60 Nd _ 2.0 2.0 
22 Ti 3.6 5.2 bP 62 Sm _ 1.5 1.5 
23 Vv 1.9 5.0 5.0 63 Eu _ 1.4 1.4 
24 Cr 4.4 5.7 5.7 64 Gd _ 1.1 4.1 
25 Mn 5.1 5.8 5.9 66 Dy - 1.6 1.6 
26 Fe 6.7 TA 7.2 68 Er — 04 0.4 
27 Co 5.1 5.4 5.6 72 Hf _ 0.4 0.4 
28 Ni 5.7 5.7 6.0 T4 WwW —0.1; —0.1 0.2 
29 Cu 4.3 4.9 5.0 VW Ir —0.5/ —0.5 —0.2 
30 Zn 4.9 3.8 4.9 78 PL 4.5 1.0 1.6 
34 Ga 0.2 2.0 2.0 81 Tl —0.8 4.4 1.4 
32 Ge 2.5 2.8 3.0 82 Pb 0.2 1.2 1.2 
33 As 0.6 | —0.7 0.6 
37 | Rb | —2.5| 4.7 1.7 
38 Sr 0.6 3.3 3.3 
39 Yt 0.8 2.6 2.6 
40 Zr 0.9 2.5 2.5 
4 Cb —0.2 1.0 1.0 


The spectrum of the solar chromosphere, on the other hand, does show 
He emission lines. The intensity ratio of helium and hydrogen emission 
lines shows that the number of helium atoms is approximately 0.2 of the 
number of hydrogen atoms. 

Hydrogen is thus the most abundant element in the solar atmosphere. 
Then comes helium, and after that the light elements: carbon, nitrogen, 
and oxygen. The number of atoms of metals, all combined, is approxi- 
mately 10°* of the total number of hydrogen atoms. 

The chemical composition of stellar atmospheres in generai is not 
different from the chemical composition of the Sun's atmosphere. This is 
approximately also the chemical composition of gaseous nebulae. The 
conclusion of uniform chemical compositions of stars and nebulae is of 
tremendous importance in cosmogony. 

In some cases, however, there are significant differences inthe chemical 
composition of stars. One of these anomalous cases are the Wolf— Rayet 
stars, whose spectra show the following peculiar feature: some spectra 
contain nitrogen emission bands but no carbon bands, whereas other spectra 
contain carbon bands but no nitrogen bands, This can hardly be attributed 
to anything else but certain differences in the chemical composition. Note 
that according to some authors the number of helium atoms in the 
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atmospheres of Wolf—Rayet stars is several times greater than the number 
of hydrogen atoms (in more detail this problem is discussed in Ch, XVII). 

There is also a significant difference in the chemical composition in 
certain late-type stars. Here the spectral sequence divides into two 
branches; the spectra of M-type stars are characterized by TiO bands, and 
the spectra of N-type stars show C, Swan bands, CN bands, and CH bands. 
It is obvious that the atmospheres of M-type stars contain more oxygen than 
carbon, whereas the atmospheres of N-type stars are richer in carbon 
than in oxygen. 

Other significant peculiarities in the chemical composition of N-type 
stars were discovered following the studies of Shain /7/ and Shain and 
Gaze /8/. The most remarkable of these peculiarities concerns the 
content of the carbon isotopes C!” and C!3. In the atmospheres of N-type 
stars the number of C!3 atoms is only a few times less than the number of 
cl? atoms, whereas on Earth and in the Sun C"’ is a rare isotope. The 
relative content of C!? and C!9 is of particular importance, since these 
isotopes play an essential part in the nuclear carbon cycle. 

There are possible other significant differences in the chemical compo- 
sition of stars of other spectral types. For example, stars with very 
strong lines of some metals and stars with anomalously weak hydrogen 
lines have been observed. At this stage we cannot say whether this is a 
reflection of actual differences in the chemical composition or perhaps an 
outcome of peculiar excitation and ionization conditions in the stellar 
atmospheres. 

§90. Line broadening. If the continuous radiation passes through a gas 
layer whose optical thickness at the line center is of the order of a few 
units, the width of tne resulting absorption line will be of the order of the 
Doppler line width. As the optical thickness of the absorbing layer in- 
creases, the line width initially grows very slowly. When the optical thick- 
ness becomes very high (of the order of 10°), the line width is seen to 
increase rapidly with increasing optical thickness, This is borne out by 
Eqs. (34) and (38) above, where the optical thickness of the layer at the line 
center is approximately &,N. , 

The Doppler line width, as we know, is a few hundredths of A. Yet the 
line widths in stellar spectra often reach 1 A and more. This means that 
the optical thickness of the stellar atmosphere in these lines (or, alter- 
natively, the number of absorbing atoms) is exceedingly high. 

High content of absorbing atoms in stellar atmospheres is the main 
reason for the broadening of absorption lines in stellar spectra. There 
are, however, certain other factors increasing the line width. Two of 
these factors are discussed in what follows. 

Stark effect. Stark effect involves the splitting of atomic energy 
levels in an electric field. Electric fields in stellar atmospheres are set 
up by charged particles (electrons or ions). The charged particles move 
incessantly, so the electric field near a given atom is variable. The field 
also changes from one atom to another at any given time, owing to 
differences in position. The latter factor indicates that the corresponding 
splitting components of the energy levels of different atoms are shifted by 
different amounts, The line components from different atoms thus merge, 
so that the Stark effect produced by electrons and ions broadens the 
spectral line. 
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The theory of Stark broadening of spectral lines entails the calculation 
of the probabilities of various electric field values produced by different 
charged-particle configurations. 

Let us Suppose at the start that the electric field is set up only by the 
ion (or the electron) whichis closest to the particular atom. The effect 
of far particles cancels out to a certain degree, and we ignore it at this 


stage. 

If n is the number of ions in 1 em?, the average interionic distance z, is 
given by 
= 1r'n=1, (52) 


and the probability that the nearest ion is at a distance between z and r+ dz 
from the atoms is 


e (ay a(zy. (53) 


Let F be the field strength 


F=—, (54) 


fy the average field strength 


2 
= 2 2 
Fy=4 =(4 |) "ent = 2.60 en’ , (55) 


and B=". Let W(8)d be the probability that p lies between p and B+ df. 
Since p=(=)", we have from (53) 


= 3 
2 


NIiw 


- 3 
W(B) dB=et “d(—B 4) = ere “ap. (56) 


A more rigorous theory which allows for the combined effect of all the 
particles /9,10/ gives 


Pay o 3 
W (8) = \ gvsin bes CB wv. (57) 


0 


Eqs. (56) and (57) are not much different. For large p they give almost 
identical probabilities W(p). This is so because high field strength is 
associated with a close encounter of an atom with a single ion. 

Once the function W(f) has been found, we can readily calculate the 
absorption coefficient in a Stark-broadened line. These calculations for a 
hydrogen atom are carried out as follows. 

We first find the frequency distribution of the energy emitted by a 
volume element inside the spectral line. To this end we use the expression 
relating the shift AA of the 4-th splitting component to the field strength F: 


Ak =—" _ 22n,F, (58) 


8x?mce 
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where n,is an integer, which depends on the initial and the final terms and 
the intensity distribution over the components; this number emerges from 
the quantum mechanical treatment of the effect. Now the absorption 
coefficient is assumed to be proportional to the energy emitted by the 
volume element and is taken to satisfy the integral relation 


{ ky dv= me 5 (59) 


which is valid irrespective of the particular reason for line broadening 
(see Vol.I, §8). From this condition the absorption coefficient can be 
found. 

The expression for the absorption coefficient far from the line center 
is of particular interest. Appropriate calculations give for the absorption 
coefficient at the wings of the Balmer lines 

3 


pe 
or ar we (60) 


where the constant C is equal to 3.13X10-'* for H,, 0.885107" for Hg, 
0.442 x10 for H, and 0.309 x 10° for H,; 4—A, is expressed in angstroms. 

Inserting for F, in Eq. (60) its expression from (55), we see that the 
absorption coefficient is proportional to the charged particle concentration 
n. Thus, for sufficiently highz, the absorption coefficient at the line 
wings iS expressed by Eq. (60) rather than the earlier Eq. (29). In other 
words, the line width in this case is determined by the Stark effect. 

Stark broadening is indeed observed in stellar atmospheres, as is 
evident from the following two facts. 

1. The equivalent widths of the Balmer lines in stellar spectra slowly 
decrease with increasing line width. This fits the prediction of the Stark 
effect theory. If the line widths were determined by radiation damping 
alone, they would diminish rapidly with increasing line width owing to the 
rapid decline of oscillator strengths. 

2. The equivalent widths of the Balmer lines in the spectra of dwarfs 
are much greater than in the spectra of supergiants. This is attributed 
to the much higher density (and hence ion concentration) of the dwarf 
atmospheres compared to the atmospheres of supergiants (because of 
large gravity on the surface of the former). The hydrogen lines in the 
dwarf spectra are thus greatly broadened by the Stark effect. The lines 
are particularly wide in the spectra of white dwarfs, whose atmospheres 
are the densest. 

Note that the equivalent widths and profiles of hydrogen lines in stellar 
spectra provide an indication of the surface gravity of the stars. 

The high terms of helium, lithium, and other atoms are also broadened 
by the Stark effect. 

Stellar rotation. If the star spins onits axis, the absorption 
lines originating in the receding part of the disk are shifted in the red 
direction, and the lines from the advancing part of the disk are shifted 
toward the violet. On the whole, the absorption line of a rotating star is 
wider than the same absorption line in the spectrum of a stationary 
star. 
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Note that stellar rotation affects the widths of all the lines in the star 
spectrum. This is the fundamental difference between the effect of stellar 
rotation and the Stark effect, say, 

Y which noticeably broadens only those 
lines which are particularly sensitive 
to the electric field. 

The theory of line profiles and 
stellar rotation was first developed by 
Shain and Struve /11/ and then by other 
authors /12/. 
Tolghet Let the equatorial rotation velocity 
Z of the Star be v, its axis making an 
angle i to the line of sight. We introduce 
a rectangular system of coordinates 
z,y, z with its origin at the center of 
the star, the z axis directed to the 
observer, and the y axis lying in the 
FIGURE 143 plane through the rotation axis and the 
line of sight (Figure 143). To simplify 
the mathematics, we take the star's radius as unity. 
Let J (z, y, v—v,) be the intensity of the radiation originating at the 
point z, y onthe disk of a nonspinning Star in a spectral line at a distance 
v—v, from its center. If the star is Spinning, v, in the expression for 
radiation intensity should be replaced by the central frequency for the 
particular point on the disk, which is 


vz 
Vot Vo . 


where v, is the radial velocity of that point. Clearly 
v,= —ausini (61) 


Therefore the intensity of radiation of frequency v originating at a 
point z, y on the disk of a rotating star is /f (z,y, V—VMy+%—z sin t). 


Let J, (z, y) be the intensity of the continuous radiation from a point gz, y 
on the disk. Then the ratio of the energy emitted by the star at the 
frequency v in the line to the continuous spectrum energy (radiated in unit 
frequency interval) is 


+t Vt-x? 
( dz y AC: y.¥—w+ve-E zsin £) dy 
r(v—%v) = — s : (62) 


+t Wiz? 
fa | henay 
~l Qa 


This expression defines the absorption line profile in the spectrum of a 


rotating star. 
As the spin velocity increases, the absorption line becomes broader, 


At the same time, however, the line grows progressively shallower, since 
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its equivalent width is not affected: at any rotation velocity, it is equal to 
the equivalent width of the line in the spectrum of a nonspinning star. This 
result, self-evident from physical considerations, easily emerges from 
Eq. (62). 

To simplify Eq. (62), we assume that the line profile is constant over 
the entire disk of the stationary star, i.e., 


I(t, y, V— Vo) =F (V— Vo) Iq (2, y)- (63) 


Inserting (63) in (62), we get 


+1 
r(v—) = \ 7 (v—vot vet asini) A(z)dz, (64) 
where 
Vit-x? 
{  fo(z, y) dy 
= _— F 65 
A) +1 Vi-x4 (65) 


Sdz { Solz.y)dy 
{ 0 


The distance from the line center can be expressed in units of the 
maximum Doppler width associated with rotation, i.e., we take 


v—Vo c 

f= Vo vsint (66) 
and simply write r(t) and 7(t) for r(v—v,) and r(v—v,). Eq. (64) is then 
replaced by 


+t 
r(t)= | r(¢—2) A(z) dz. (67) 


-1 


Eq. (67) makes it possible to calculate the line profile in the spectrum 
of a rotating star from the line profile in the spectrum of a nonspinning 
Star if A(z) is known. To determine this function, we should know the 
intensity distribution of the continuous-spectrum radiation over the stellar 
disk. We take, as is usually done, 


I,=C (1+ Bcos 8), (68) 


where # is the angular distance from the disk center. Since sinO=[2?+y?, 
we write 


Ip (x, y)=C [14+BVI-@+y). (69) 
Inserting (69) in (65) and integrating, we get 


2 yizey hey 


A(z) = (70) 
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A(z) clearly determines the line shape in the spectrum of a rotating star 
if the line width in the spectrum of a nonrotating star is very small. If 
however, this line width is not small (i.e., comparable with the width of the 
rotation-broadened line), the line shape should be determined using Eq. (67) 
and (70). 

The study of stellar spectra shows that in many cases the absorption 
lines are broadened by rotation. In accordance with the preceding, rotation 
broadening is distinguished from other broadening effects by the following: 
1) rotation broadens all lines without exception, 2) the width of a rotation 
broadened line is approximately proportional to wavelength (because of 
Doppler effect), 3) the equivalent line widths are independent of rotation 
broadening. 

Using the preceding theory we can find the rotation velocity of a star 
(more precisely, the component sini) from the line profile. To this end, 
one should take the corresponding line profile in the spectrum of a non- 
rotating star of the same spectral type and using Eq. (67) plot the profiles of 
rotation-broadened lines for various values of the parameter vsini. 
Comparison of these theoretical line shapes with the observed shape in the 
spectrum of a rotating star gives the sought value of zvsini. 

Figure 144 gives the shape of the 4026 A line in the spectrum of a non- 
spinning star i Her and the shapes of rotation-broadened lines calculated 


from Eq. (67). 


He 4026 A 


FIGURE 144 


Note that firm determination of » sini is possible only if it is of the 
order of a few tens of kilometers per Second. Otherwise, the rotation 
effect is difficult to separate from other line broadening effects. 

This method was actually applied to determine the value cf v sin: for 
numerous stars. The fastest spinning stars are those of early spectral 
types. For example, for B stars vy sini reaches 200—300km/sec, and in 
Be stars it is even higher. 

The spin v of an isolated star obviously cannot be determined from its 
line profiles. For a large group of stars, however, vsini can be converted 
to v by a Statistical method. The corresponding results are of considerable 
significance in cosmogony. 

§91. Eddington's model. The Schwarzschild-Schuster model, which 
divides the outer layers of a star into two components, the photosphere and 
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the atmosphere, is much too crude. Although in the mean the line spectrum 
indeed originates in the topmost layers of the star and the continuous 
spectrum in its deeper lying parts, there hardly seems to be a sharp 
boundary between them. 

We will now adopt a more sophisticated model, advanced by Eddington 
/14/, in which each unit volume is regarded as absorbing and emitting 
energy in both the continuous and the line spectrum, 

Strictly speaking, the continuous and the line spectrum in Eddington's 
model should be treated simultaneously. However, the effect of line 
absorption and emission on the formation of the continuous spectrum is 
not very pronounced, Therefore, to first approximation, when treating 
the continuous spectrum, we will neglect the presence of spectral lines 
(as in the previous model), while in the treatment of the line spectrum all 
the parameters characterizing the continuous spectrum are assumed to be 
known, 

The effect of lines on the continuous spectrum was considered ina 
number of works /15/, but we will not go into this problem. 

We will now proceed with a discussion of absorption lines in the 
Eddington model. Assuminga plane-parallel atmosphere, we write the 
equation of transfer in the form 


aly 
cost [= — (y+ a)ly+ey+aB, (71) 


where o, and e, are the volume absorption and emission coefficient in the 
spectral line, and a and aB are the volume absorption and emission 
coefficients in the continuous spectrum. The subscript vis not attached to 
a and 8, since they are not particularly sensitive to frequency inside the 
line, 

As before, we assume that all the quanta of frequency v in a spectral 
line absorbed by a volume element are emitted by the same volume element 
in the form of quanta of the same frequency v. Then, 


ey=oy (Ty 2. (72) 
Inserting (72) in (71) and introducing the optical depth in the continuous 
spectrum, t, by means of the equality dt= —adr, we get 
dl, do 
cos 8 SY = (1+ my) Iy—mw | fy GB, (73) 
where 
o. 
Wa. (74) 


In general, n, is a highly complex function of the optical depth, since oy 
depends on the concentration of the atoms of a particular species in the 
i-th state (co, =n, ky), and aon the concentration of all atoms in various 
states. For simplicity we take nv= const inthe atmosphere. Analysis of 
Eq. (73) for various particular cases of the function n, (+t) was carried out 
by Eddington /14/ and Pannekoek /16/. 
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The B (tr) entering Eq. (73) can be assumed known from the theory of the 
photosphere. In particular, the following approximate expression can be 
used for B(z): 


B (t)=B, (1+ Br), (75) 


where B, and f are some constants (see Eq. (61) of the previous chapter). 
We will first derive an approximate expression of Eq. (73). Let 


T= Vn. Hy =\ Iycos 8 <>. (76) 


T, is the average radiation intensity at a point, and 4nH, is the radiation 
flux. 
Multiplying Eq. (73) first by — and then by cos oe, we integrate over 


the solid angles to obtain 


aH = 
= Ny—B, (77) 
4 a =e, 


v 3 ve 


From Eqs. (77) and (78) we obtain the following equation for /,: 


aI, 
dv 


=3(1+ ny) (Iy—B). (80) 


The general solution of Eq. (80) is 
Ty = Cye-* V3 +My) 4 Diet Vide p (81) 


where C, and D, are constants. A particular solution J,=B corresponds to 
the case when B is a linear function of t, Eq. (75) 

In the deep-lying layers of the atmsophere, where no spectral lines 
originate, we clearly have /,=B. Therefore, D,= 0. Hence, 


Ty =Cye*Y 3°) 4 Bo (4 + Br). (82) 
Using (78) we get 


fy = 37mg | — Eve T st) 1/3 1 + Ty) + BoB). (83) 


The constant C, is determined from the boundary conditions. In our 
approximation, 


7,=2H, (fort=0). (84) 
Inserting (82) and (83) in (84), we get 
—— 3(1+n,) —2 
Vat jeS (85) 


V 3(4n,) +2 
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Our aim is to determine the absorption line shape in the stellar 
spectrum, and we require the outgoing radiation flux, i.e., Hy(0)=4nH, (0). 
Taking t= 0 in Eq. (83) and using (85), we obtain 


B 


14+ ——————— 
f 
Hy Q)=4aBy V3t+ny) 


eo (86) 
30+ Ay) +2 


Outside the spectral line ny= 0. The radiation flux in the continuous 
spectrum near the spectral line is thus 


B 

14——. 

a a VS 
H, (0) =4nB, at. (87) 

By (86) and (87) 
B 
1 SS —————— 
_ AYO) _ + Viara) V3+42 (88) 
~=HyO 


+5. V3G+Fn)+2 | 


This is the expression for the profile of an absorption line in the stellar 
spectrum, 
Note that at the center of a strong line %>1. Therefore, 


~ Va+2 3 
V3+B V4, 


Ty 


(89) 


We see that 7,depends on f only through the continuous radiation flux. 
The flux at the center of a line is virtually independent of 8. This is so 
because the central parts of strong lines originate in the topmost layers of 
the atmosphere (where B= B,). 

At the wings of a line nv.«1. In this case Eq. (88) yields 


Hf GB ip Wes 
nto ie ie) 


(90) 


k 
Thus 1—r, is proportional to ny or (since ny = )to the absorption coefficient 
inside the line, &A,. In particular, if ky is determined by radiation damping, 
we have 


1-n=qy (91) 


and if k, is conditioned by the Stark effect 


Cn 
1—Ta = Gay? (92) 


where c, and c, are constants. 


Eq. (88) is applied to construct the "curve of growth," as in the 
Schwarzschild—Schuster model. The equivalent line width W is found to 


increase first as ky, then approximately as V 'e ky and finally as 


VY ko =. The growth curve in this case follows approximately the same 
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course as in the previous model, but now the argument of the function is the 
ratio =, and not the number of absorbing atoms N. Note that physically = 
is the number of absorbing atoms in a column of 1 cm? cross section with 


a base at optical depth t= 1. Indeed, we have 


N(t)= [ n(ydr= {tadr= 


T 


q, (93) 


ala 


whence the validity of our statement. 

Eq. (88) defines the absorption line contour in the spectrum of the whole 
Star. From the previous results we can find, however, the line shape r, () 
at an angular distance @ from the disk center. This requires integration 
of the equation of transfer (73) after substituting Z, from Eqs. (82) —(85). 
The result is 


ry (9) = 


4 1 4 Boos 6 Ty 3(1-++-7,)— 28 (94) 
T+f cosé 1+ 14+ ny, +V3(i+ny) cos 83 (1+n,)+2V9(I+n,)| | 


Our solution of the problem of line shapes in star spectra, based on 
Eq. (79), is approximate. Nevertheless, it has been widely used in astro- 
physical research until quite recently. The exact solution of the problem 
was obtained only following the development of the general theory of 
radiative transfer. 

Ambartsumyan /17/ applied his "invariance principle" (see §83) to 
derive an exact expression for r,(¢) in an isothermal atmosphere (i.e., 
when B=B,): 


rv () => ’ (95) 
where 
{ 
o(0)= 145 bo (t) | PE) ar’, (96) 
) 
Ny 
C=cost, ae er 


Chandrasekhar /2/ generalized Eq. (95) to the case B=B,(1+ft). He 


found 


bf 
Ny 1 


v= eee {! +remren, Leese | eee as) (97) 


Detailed tables of the function p(¢) are given in Chandrasekhar's book /2/. 
§92. Central intensities of absorption lines. We know from observations 
that the intensity at the center of a line is a few tenths or even hundredths 
of the continuum intensity. Let us derive the theoretical central intensities. 
For the Schwarzschild—Schuster model we have 


1 
0 = Th N° (98) 
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To find r,, we should first determine the number of absorbing atoms N, 
As we know, this number can be found from the equivalent line width W 
using the curve of growth. This treatment shows that for numerous lines 
the product A,,N, i.e., the optical thickness of the atmsophere at the center 
of the line, is very large, being of the order of 10°, For these lines 
Eq. (98) yields r,,+107%, i.e., virtually zero. Infact, however, the 
observed ry, is of the order of 0.1. There is clearly an enormous divergence 
between theory and observation, 

For Eddington's model, Eq. (89) gives 


2S 
Try = (Fh) : . (99) 


The ratio =, like N, can be found from the growth curve. If a ky, ~ 108 
(for constant equivalent widths W, Nand = are approximately equal), 
Eq. (99) gives ry, +1073, The central intensities are thus much higher than 


in the previous model, but they are still substantially less than the observed 
intensities. 

The considerable divergence between the theoretical and the observed 
central line intensities indicates that the physical assumptions used in the 
two models do not correspond to the physical reality in stars, We will 
therefore consider the formation of absorption lines in stellar spectra 
without making any of the above simplifying assumptions. 

We have assumed in the preceding that each quantum absorbed by a 
volume element is emitted by the same element in the same line, In 
reality, however, there is a definite redistribution of radiation between the 
various lines and also between the lines and the continuous spectrum. 

The redistribution of radiation between spectral lines has not been 
studied in any detail. This process, however, cannot result in an overall 
increase of the central intensities of all the lines; if the intensity of some 
line increases, the intensities of other lines should decrease correspondingly. 

The situation is different for the redistribution of radiation between 
the lines and the continuous spectrum. Suppose that radiation is absorbed 
beyond the limit of the fundamental series of a given atom. The ionized 
atom produced in the process eventually captures a free electron. If the 
electron is not captured onthe first level, it emits new light quanta on 
jumping to lower levels. Reverse processes are naturally also possible: 
they involve ionization from excited states. We will show, however, that 
these processes make a minor contribution. 

For simplicity, consider an atom with three energy states (1,2, and 3), 
where the first two are discrete levels and the third is the ionization 
continuum. We have so far considered only scattering processes in the 
spectral line, i.e., transitions of the form 1+2~1. We will now introduce 
the following additional processes: 1) the atom is ionized from the ground 
State, an electron is then captured on the second level, and finally the 
electron drops from the second to the first level emitting a quantum inside 
the line (1~3--2—1 transition); 2) an atom is excited from first to second 
State by absorbing a line quantum, then it is ionized from the second state, 
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and finally captures an electron on the first level (1+2+3-1 transition). 
Processes of the first kind create line quanta, and processes of the second 
kind absorb line quanta. 

In deep-lying atmospheric layers, where local thermodynamic equili- 
brium is observed, the two opposed processes mutually cancel. In the 
upper layers, however, the situation is different. Note that the probability 
of processes of the first kind depends only on the radiation density beyond 
the limit of the fundamental series, whereas the probability of processes of 
the second kind depends on the radiation density beyond the limit of the 
second series, as well as the radiation density in the line. The radiation 
density in the continuous spectrum is apparently constant throughout the 
atmosphere. The line radiation density, however, decreases on moving 
from the interior to the outside layers. Therefore inthe topmost atmos- 
pheric layers processes of the first kind prevail over processes of the 
second kind, i.e., line quanta are created more often than they are 
destroyed. 

Redistribution of energy between the lines and the continuous spectrum 
in stellar atmospheres should thus increase the central intensity of all 
absorption lines. To obtain a quantitative estimate of this fluorescence 
mechanism, we should write and solve the corresponding equation of 
transfer /18/. 

As before, we assume Eddington's model of a stellar atmosphere and 
start with Eq.(71). However, Eq. (72) defining e,is replaced by 


d 
ev=(1—\yor) We, (100) 


where y is the fraction of line quanta which experience true absorption 
(i.e., the fraction of atoms ionized from the second state). Introduction 
of y accounts for processes of second kind. * 

To introduce processes of the first kind, we use the volume emission 


coefficient ej. Eq.(71) is thus replaced by 
dl, 5 ' 
cos 8 =~ = —(ov +a) ly+(1—y)ov/y+aB + ey. (101) 


An expression for e, can be obtained without difficulty. Deep in the 
atmosphere, where the number of first-kind processes is equal to the 
number of second-kind processes, 


&y = yovly. (102) 
Also in these layers /,=B. Therefore Eq. (102) gives 
ey = yor B. (103) 
This expression for e, will presumably be valid in the outer layers of 
the atmosphere also. This is apparently so because the density of the 


ionizing radiation in the atmosphere hardly changes. If, however, the 
density of this radiation in the atmosphere may differ from the corresponding 


* @ is a more conventional symbol for y. We prefer the unconventional symbol, however, since e is used 
to denote the volume emission coefficient. 
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radiation density in thermodynamic equilibrium, a correction factor Qis 
introduced in the right-hand side of Eq. (103), thus 


ey = QyoyB. (104) 


Inserting (104) in (101) and changing over from ; to a new variable t, 
we obtain 


al 
cos $ — = (1 +- nv) Jy — (1—y) nelly — (1+ Cyn) B, (105) 


C. 
where m=. 


We will now derive an approximate solution of Eg. (105) taking »n,= const. 
From Eq. (105) we have 


aH, £3 
a = (1+ yey) fy — (1+ Qynv) B, (106) 
dl, = 
ae = 3 (1+ 1) Ay. (107) 
Hence, 
a°7. = 
age = 3(4 +n) [1+ yay) Jy — (1+ Qynv) BI. (108) 


The solution of this equation is 


1+Qyn, 


Tf yn, Poll +B), (109) 


Ty =Cye** + 


where 


and C,is aconstant. The constant before e*" is zero since 7, must not 
increase exponentially with increasing t. Inserting (109) in (107), we find 
5 1 = 
Ay = sqqpqy l—MeCve "+ BoB. (111) 
The constant C, is found from the boundary condition /,= 2H, for t= 0, 
and this gives the following expression for the outgoing radiation flux of 
the star: 


1+Qyny aAy+B 


Hy (0) = 4Boayy, 30Fn) +a, * (112) 


Hence, 


1+Qyn, A,+8 V3+2 


= TF yty 14 f, 3+ a)+ aA, * (43) 
3 


The above expression for r, is a generalization of Eq. (88) to the case 
with fluorescence. 
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Eq. (113) requires knowledge of y. As we have already noted, this is 
the ratio of the number of ionizations from the second state to the number 
of ionizations plus the number of spontaneous transitions from this level. 
Using Einstein's transition coefficients (see Vol.I, §7), we write 


_ ___ BagQas 
oF BoxQeat+ An * (114) 
Here . 
e ad 
BosQon=¢| Qube, (115) 


where v,, is the frequency of radiation producing ionization from the second 
level, 4,, is the absorption coefficient beyond the limit of the second series. 

A crude estimate of y can be obtained as follows. Suppose that 8.,9,, is 
indeed a product of the radiation density immediately beyond the limit of 
the second series e,, and the Einstein transition coefficient 8,,(defined by 
{115)). Then writing for o,, and 4, 


Qs = (116) 
ekT _ 4 
Ay = OB a, (117) 
where 
8ahvi, 
Cr=—a (118) 
and taking approximately g, = g), Oi, © O23, By, + B,,, we obtain 
__ veg 
yore KF, (119) 


Estimating y from Eg. (119) for atoms with an ionization potential of 
about 3eV from the excited state (e.g., Nal and Cal), we obtain for the 
temperature of the Sun y=1073, Calculations using Eqs. (114) and (115) 
give a figure of the same order of magnitude (y = 0.0015 for the sodium 
D, and D, lines, y= 0.0004 for the line 4 4227 A Cal). 

We will now apply Eq. (113) to the center of a line. We take 


This inequality is satisfied for numerous strong lines. In these lines ny, 

is very high (e.g., of the order of 10°) and y is often not particularly 

small (e.g., of the order of 10-4, as above). We moreover take @Q>1. 
Under these assumptions we obtain from Eq. (113) 


2 V34+42 rT 
vo V3+B OV Y- (121) 


We see that Eq. (121) gives much higher values of r, than Eq. (89) does (it 
increases as inequality (120) becomes more pronounced). 
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Fluorescence thus subStantially increases the theoretical central 
intensities. For Q= 1, however, the theoretical values of 7,, are neverthe- 
less smaller than the observedvalues. For example, for the sodium Di and 
D, lines and the calcium line 4 4227 A in the solar spectrum the theoretical 
and the observed values of r,, differ by a factor of 2—4. For the H and K 
lines of ionized calcium the discrepancy is much greater, since y in this 
case is extremely low. 

To make the theory consistent with observations, the hypothetical 
factor @ should be taken to be much less than unity. This implies that the 
intensity of the ultraviolet radiation of the Sun, which ionizes the atoms 
from the ground State, is substantially greater than the Planckian radiation 
intensity. 

There are, however, no weighty arguments supporting this extraordinary 
assumption. We should therefore continue looking for additional factors 
affecting the central line intensities. 

§93. Absorption lines with incoherent scattering. We have so far 
assumed that radiation quanta are scattered inside the spectral lines 
without change in frequency. Actually, however, various factors cause 
redistribution of frequencies inside the line, namely incoherent scattering. 
This requires further improvement of the above theory of absorption lines 
in stellar spectra. 

The main point to be considered is to what extent, if at all, incoherent 
scattering is capable of increasing the central line intensities over those 
prescribed by the theory with coherent scattering. 

We will first briefly consider the factors which cause incoherent light 
scattering. 

1. Natural widths of the atomic energy levels. If the 
levels have a finite width, an atom absorbing a quantum of a certain 
frequency may emit a quantum of a slightly different frequency, and return 
after scattering to a slightly different position in the ground state. This 
effect is significant for lines of subordinate series, where both the upper 
and the lower level of each transition are fairly wide. For tne lines of the 
principal series, where the lower level is infinitely thin (as long as the 
atom is not too often excited from its ground state), the frequency of the 
emitted quantum coincides with the frequency of the absorbed quantum. 

2. Thermal motion of atoms. Suppose that a moving atom has 
absorbed a quantum of acertain frequency. Since this atom may now emit 
a quantum in any direction, the Doppler effect may alter the frequency of 
the emitted quantum. The frequencies of quanta ernitted by moving atoms 
in ‘general are different from the frequencies of the absorbed quanta. This 
is so even if the light scattered by stationary atoms does not change its 
frequency. The redistribution of frequencies in a resonance line caused by 
the thermal motion of atoms was studied by Henyey /19/. 

3. Effects of pressure. Let us consider the contribution of the 
Stark effect, which is associated with the presence of ions and free electrons 
in the stellar atmosphere. Suppose that at the instant when the atom 
absorbed a quantum it was close to a perturbing particle. During the time 
the atom remains in the upper state, the perturbing particle may move 
away, so that the energy shift changes. For this reason the frequency of 
the emitted quantum may be different from the frequency of the previously 
absorbed quantum. The energy difference between these quanta is carried 
away by the perturbing particle. 
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We will now write the equation of transfer for the case of incoherent 
scattering. Let p(v, v’)dv be the probability that a volume element, having 
absorbed a quantum of frequency v’, em-:ts quanta of frequencies between v 
and v+dv. The function p (v, v’) is determined by the combination of the 
above factors and in general is highly complex. 

The product p (v, v')oy is the volume coefficient for absorption of quanta 
of frequency v’ followed by emission of quanta of frequency v. Note that 
invariably 


P(v, v')oyw = pv’, Vv) Ov, (122) 


which corresponds to the "reciprocity principle" of the optical phenomena. 


Moreover, 
{ pv )dv=t, (123) 


where the integration is over all the frequencies. 
Using the function p(v, v’) we write for the volume emission coefficient 


ey = { P(v, v’) oy dv’ \ fv “ . (124) 


This expression for e, should in fact be inserted in the equation of transfer 
(71) (in place of expression (72) for coherent scattering). 

The complexity of the function p (v, v’) leads us to consider the limiting 
case of completely incoherent scattering, when the probability of scattering 
of a quantum of frequency v is independent of the frequency of the absorbed 
quantum v’, This is apparently the case when the line broadening is largely 
due to pressure effects. 

If pis independent of v’, we see from (122) that p=Co,, where Cis 
constant. Using (123) to determine C, we obtain 


= oy 
7 J oy dy’ ~ 


P (125) 


Thus, in the case of completely incoherent scattering, the equation of 
transfer takes the form 


df o. 
cos = = (+0) I 7 or { oy dv’ \ Sy 224 oB. (128) 
= 


This equation is very difficult to solve. One therefore generally uses 
the equality 


f dw 
( o,. dv Jive, do ‘st 
\ a, dv’ “oan ( ) 
Eq. (126) then reduces to 
al - 
cos x = —(0v+a)ly +o /y,+aB, (128) 
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Putting in Eq. (128) v=, we can find Ty and then the radiation 
intensity T,. This method, however, is much too crude. In particular, it 
gives the same result as coherent scattering for the intensity of radiation 
at the line center. 

The methods of the modern theory of light scattering actually yield a 
more exact expression for r,(¢), which corresponds to the solution of 
Eq. (126). Using the "invariance principle," the author /20/ obtained for 
an isothermal atmosphere (when B=B,) 


rO=ae oe {V [oF { oe Ke) aos} +i: (129) 
) 


where the coefficient 0, is normalized to 1, and the function @(z)is obtained 
from the equation 


1 
e(z)=14+ 5 9(2) \ 2) K(2')dz" (130) 
and z=ae The auxiliary functions K(z) and K,(z) are defined by 
K(z)=2 (novdv, K,(z)=2 \ oy dv, (131) 
v(x) viz) 


— 
I+) 
From Eq. (129) we can obtain an approximate expression for ™, fore- 
going detailed calculation of the function g(z). It is readily seen that the 
second term in braces is at least half the first term. Dropping this term, 


where v(z)=¥, ife<t and =eif s> 45. 


and further ignoring the variation of the function »(z) between 0 and a i 
‘Vo 


we find 


r= V ead (132) 


1+," 


Using for the absorption coefficient inside the line the usual expression, 
(25), we obtain from Eq. (132) 


1 
rw = (a0): (133) 


In case of coherent scattering, Eq. (95) approximately gives 


1 


Tv © Myo? (134) 


We see that Eqs. (133) and (134) are greatly different. If, say, we take 
Ww, = 10® and a= 0.01, we obtain for completely incoherent scattering 
ry, ~ 0,01 and for coherent scattering ry = 0.001, 

Central intensities of absorption lines for completely incoherent 
scattering thus can be substantially greater than in case of coherent 
scattering. 
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Eq. (129) originally derived for an isothermal atmosphere was generalized 
by Basbridge /21/ to the case of a linear dependence of # on the optical 
depth tr. Note that in this case r,($) is expressed in terms of the function |: 


@ (z) defined by Eq. (130). 

An exact expression for r,(f)in the presence of fluorescence assuming a 
linear dependence of B on t was derived by the author /22/. A new method 
was applied, based on preliminary determination of the probability of 
emergence of a quantum from the stellar atmosphere (in general, after 
multiple scattering). In this case, we approximately obtain for ry, (under 
the same assumptions as in the derivation of Eq. (132)) 


{ 
4 2 
"vo ~ TRE Vie TY, 133) 
In case of coherent scattering we correspondingly have 


epee ae ve - 
“oS ape Vat ye mee) 


Let us compare Eqs. (135) and (136). For strong lines we definitely 


have 


1 
(—) (137) 


Therefore if 


1 
Ga) > (138) 


ry, in case of incoherent scattering is much greater than for coherent 
scattering. If, however, 


‘ 
(aa) St (139) 


the values of ry, for coherent and incoherent scattering are of the same 
order of magnitude. In this case fluorescence predominates in the formation 
of the central parts of absorption lines for either scattering mechanism. 

As we have already observed in the preceding, the theory of coherent 
scattering without fluorescences gives central intensities which are too low. 
Introduction of fluorescence greatly improves the results. The theoretical 
and the observed values of ry,are close to one another, however, only 
when y is large. If y is small, the theory and the observations are never- 
theless divergent. 

The above results indicate that the incoherent scattering theory ensures 
a better fit with the observed central intensities of absorption lines. If y 
is large, the ry, with incoherent scattering take approximately the same 
values as with coherent scattering, i.e., close to the observations. If, 
however, y is small, incoherent scattering ensures higher values of Tv, 
than coherent scattering does and thus provides better fit with observations. 
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Note that the difference between the different scattering modes is 
pronounced not only in the central intensities but also in the shapes of the 
absorption lines. Incoherent scattering produces absorption lines with 
much sharper inner parts than coherent scattering does. This difference 
is particularly prominent for large y. Observations also give sharper lines 
than what follows from the theory of coherent scattering, although this 
conclusion requires further verification. 

Houtgast /23/ studied the behaviour of the outer parts of absorption 
lines. He came to the conclusion that the variation in the wings of the 
strong absorption lines on the solar disk may be accounted for only by 
incoherent scattering. 

§94. Interpretation of the spectral sequence. We have so far considered 
the spectrum of an individual star. Now we can discuss the entire sequence 
of stellar spectra. 

Tofirst approximation, the stellar spectra fall into a linear sequence. 
The various characteristics (e.g., the equivalent line widths) vary contin- 
uously along this sequence. This feature is associated with the dependence 
of stellar spectra on one principal parameter, the temperature. Variation 
in temperature changes the degree of excitation and ionization of atoms in 
the stellar atmosphere, and the line intensities are correspondingly 
affected. 

In practice all stellar spectra are divided into distinct types in the order 
of decreasing temperatures: O—B—A-—F—G—K~—M. At the end, the 
spectral sequence branches into three parallel arms: besides the M-type 
spectra (with titanium oxide bands) there are spectra of types R—N (with 
carbon and cyanogen bands) and S-type spectra (with zirconium oxide bands). 
This branching is apparently associated with differences in the chemical 
composition of stars. 

Let us follow the variation of the spectrum with increasing temperature. 
The spectra of the coldest stars (M-type, and others) show molecular 
bands and lines of neutral metal atoms. As the temperature increases, the 
molecules dissociate and the molecular bands disappear (K-type spectra). 
After that the metals gradually ionize. The highly complex G-type spectra 
contain a tremendous number of lines of neutral and ionized metals. As 
the temperature is further increased, the lines of the ionized metals grow 
in intensity (F). In spectral type A, the hydrogen Balmer lines are the 
Strongest. In type B, helium lines appear (since the excitation of levels 
responsible for the helium emission lines in the visible spectrum requires 
sufficiently high temperatures). Finally, ionized helium lines become 
fairly strong in spectral type O. 

The variation in the intensity of individual lines with increasing 
temperature can also be followed. Consider for example the lines associated 
with electron transitions from the excited state of a neutral atom, At low 
temperatures, these lines are exceedingly weak, since most atoms are in 
the ground state. As the temperature is raised, the degree of excitation 
of the atoms increases, and the equivalent widths of the corresponding lines 
become larger. However, the number of excited atoms increases only up 
to a certain temperature. As the temperature is further increased, the 
number of excited atoms decreases, since some are ionized. The equiva- 
lent widths of the corresponding lines therefore decrease. Thus, with 
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increasing stellar temperature the equivalent widths of lines associated 
with electron transitions from excited states of neutral atoms at first 
increase and then decrease. 

The equivalent line widths of the ionized atoms vary in the same way 
(first increase and then decrease). Only the lines of the principal series 
of the neutral atom behave differently with increasing temperature: the 
equivalent widths steadily decrease (if the formation of molecules at low 
temperatures is ignored). 

The above qualitative considerations are borne out by appropriate 
calculations. They are based on the use of Boltzmann and Saha equations, 
which determine the degree of excitation and ionization of atoms. These 
equations have the form 


i Uy kh 
— &t , RT 
Wa a aT » (140) 
n* aot 
nj = fe Fr, (141) 
where 
s 
> 7. 2 
fa£ ieee (142) 


&1 


Note that the application of Eqs. (140) and (241) to stellar atmospheres 
actually provided (in 1920) the first physical interpretation of the spectral 
classification /24/. 

Let us apply the above equations to calculate the dependence of the 
equivalent line width on temperature. As in the preceding, we consider the 
line associated with electron transitions from the excited state of a 
neutral atom. If Eddington's model is used, the equivalent line width 


increases with increasing ratio “i, where n, is the number of atoms in the 


i-th excited state in] cm’ anda is the volume absorption coefficient in the 
continuous spectrum (see §91). 
We write a in the form 


a=x@Q, (143) 


where x is the absorption coefficient per unit mass and gis the density, 
Further let qg be the fraction of the particular element in the total density 9g, 
i.e., let 


qg=mn, (144) 


where nis the total number of atoms of the particular element in 1 cm? 
and mis the mass of one atom. Using Egs. (143) and (144) we get 


A ee 


mx oR 


Let n=n,+n’, i.e., we ignore the number of excited atoms and the 
number of doubly ionized atoms. Using Eqs.(140) and (141), we 
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obtain instead of (145) 


417% 
big 
mm @ &. 
ast" ea (146) 
1+fe kr 


This equation expresses the dependence of + on temperature T. Using 
the curve of growth, which relates the equivalent line width W to the ratio 
=, we can find W as a function of Tf. 


Similar equations canbe derived for the lines of ionized atoms. 

It follows from the preceding that the spectral type (more precisely, the 
equivalent line width) determines the temperature of the stellar atmosphere. 
The temperature determined in this way is called the ionization 
temperature. 

Fowler and Milne /25/ proposed the following technique for the deter- 
mination of ionization temperatures. Using Eq. (146), find the temperature 


at which “(and hence also W) is maximum, This temperature is assigned 
a g 


to stars of the spectral type in which the particular line actually attains its 
maximum equivalent width. Taking x= const and p,=n,kT = const, we 
obtain from Eq. (146) for the ionization temperature 


5 
—AT % 
pce ete aan) 
Xi— Mt 


Having solved Eq. (147) (and the analogous equations for the lines of 
ionized atoms) for T, Fowler and Milne compared the results with the 
observed temperatures and derived a scale of ionization temperatures, 
Some of their results are listed in Table 2, where for all stars p,=107atm. 


TABLE 2 

Spectral Maximum of the Ionization 
type line tern perature 
K5 Na, 12P—m?D 3 900° 
G5 Mg, 1°P — m3 5 250 
GO Ca II, 128 —m3pP 6 290 
AO H, Balmer series 10 000 
B2 He, 23P—m3D 16 100 
Bt Si Il, OI] 49000 
05 He II, A4686, 35 000 


Pickering series 


However, the ioniztion temperatures obtained by this method are not 
very exact. The point is that the ratio “t not only depends on temperature T 


but also on the parameters x and n,. These parameters in their turn 
depend on the temperature Tf and the gravitational acceleration g. The 
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equivalent line width is therefore a function of g, as wellasof 7. Ionization 
temperatures for various g values were determined by Pannekoek /26/. 

The temperature required to attain a given equivalent line width was 
found to increase with increasing g. In the atmospheres of supergiants g 
is much less than in the atmospheres of dwarfs. Therefore, for a given 
equivalent line width, the giant temperature should be less than the dwarf 
temperature. In other words, the giants are cooler than the dwarfs of the 
Same spectral type. This theoretical conclusion was confirmed by obser- 
vations. The observed differences in the spectra of giants and dwarfs, 
however, are much more pronounced than the differences predicted by a 


theory using Eq. (146) and the analogous equation for a This is largely 


so because the variation in g affects the equivalent line width not only 
through the change in the degree of ionization but also due to the changed 
significance of pressure effects, which directly influence the line width. 

As the equivalent line width is a function of both fT and g, the spectral 
classification requires further improvement. Each spectrum should be 
characterized by two parameters, related to 7 and g. In other words, we 
require a two-dimensional spectral classification. The construction of a 
two-dimensional spectral classification is one of the pressing problems of 
modern astrophysics. 

The influence of the gravitational acceleration on the stellar spectrum 
is generally called the absolute magnitude effect. This is so 
because at a given temperature the gravitational acceleration g is uniquely 
related to the luminosity Z. Indeed, we have 

g=GHe, (148) 
where Gis the gravitational constant, M the stellar mass, A the radius, 
and 


L = 4nRoT%. (149) 


£ and M are further related by an empirical mass —luminosity relation of 
the form 


L~M", (150) 


where nis a parameter (of the order of 3—4). From the above relations 
we find for T, = const 


1 
ye ee 
g~L te (151) 


Thus, g increases as Z decreases. 

Another point of interest is that the effect of the gravitational accelera- 
tion on lines of neutral and ionized atoms is different. Thus, the ratio of 
the equivalent line widths of the ion and the neutral atoms ina stellar 
spectrum provides an indication of the gravitational acceleration on the 
star's surface and hence of its absolute magnitude. Comparison of the 
absolute magnitude with the stellar magnitude gives the distance of the star. 


390 


§94. INTERPRETATION OF THE SPECTRAL SEQUENCE 


This is the basis of what is known as the method of spectroscopic 
parallaxes, which has yielded various valuable results during the many 
years of its application. In practice, certain lines of ions and neutral 
atoms which are particularly sensitive to the absolute magnitude effect 

are selected for each spectral type. The theory of this effect, however, 
has been insufficiently developed. 


19, 
20. 


REFERENCES TO CHAPTER XV 


AMBARTSUMYAN, V.A. Diffuse reflection of light by a turbid medium.— Doklady AN SSSR, 38, 
No.8, 1943. 

CHANDRASEKHAR, S. Radiative Transfer.— 1950. 

MEL'NIKOV, O.A. and §,S. ZHURAVLEV. Spectrophotometry of selected lines in sunspot spectra, — 
Vestnik, Leningrad University, No.8, 1955. 

SHAIN, G.A. and P.F. SHAIN, Differential systematic line shifts in the spectra of white supergiants. — 
Izvestiya, Crimea Astrophys. Obs., 4:49. 1949. 

MOHLER, F.L. The number of lines in a series as a function of electron pressure.— ApJ 90:429. 1939; 
INGLIS, D.D. and E, TELLER. Ionic depression of series limits in one-electron spectra. — 
ApJ 90:439, 1939. 

RUSSELL, H.N. On the composition of the Sun*s atmosphere.— ApJ 70:11. 1929. 

SHAIN, G.A. The occurence of carbon isotopes in the spectra of N type stars. — Bull. Abastumani Obs., 
No.6. 1962. 

GAZE, V.F, and G.A. SHAIN. A study of the spectrum of carbon stars. — Izvestiya, Crimea Astrophys. 
Obs,, 2:51. 1948. 

HOLTSMARK, J. Uber die Verbreiterung von Spektrallinien I und II.— Physik, Z., 20:162, 1919; 
25:73, 1924, 

VERWEY, S. The Stark effect of hydrogen in stellar spectra.— Diss. Amsterdam. 1936, 

SHAIN, G, and O. STRUVE, On the rotation of the stars.— MN 89:222, 1929, 

CARROLL, J.A. The spectroscopic determination of stellar rotation and its effects on line profiles.— 
MN 13:478, 1933, 

CHANDRASEKHAR, S. and G. MUNCH, On the integral equation governing the distribution of the true 
and the apparent rotational velocities of stars.— ApJ 111:142. 1929, 

EDDINGTON, A.S. The formation of absorption lines.— MN 89:620, 1929. 

MILNE, E,A. Radiative equilibrium.—Philos. Trans, Roy. Soc. Lond. (A)223:201. 1922. 

PANNEKOEK, A. The theoretical contours of absorption lines I and Il.— MN 91:139. 519, 1930—31. 

AMBARTSUMYAN, V.A. A turbid medium with uniform distribution of sources,— Doklady AN 
Armenian SSR, 8; No.4, 1948, 

STROMGREN, 8. The influence of electron capture on the contours of Fraunhofer lines.— Zeitschrift 
fur Astrophys.,10:237,. 1935. 

HENYEY, L,G. The Doppler effect in resonance lines.— Proc. Nat. Acad. Sci., 26:50, 1940. 

SOBOLEV, V.V. Incoherent light scattering in stellar atmospheres.— Astron. Zh., 26:129, 1949. 

BASBRIDGE, Ida W. Coherent and non-coherent scattering in the theory of line formation, — 
MN 113:52, 1953. 

SOBOLEV, V.V. Formation of absorption lines with incoherent scattering.— Astron Zh., 31:131, 1954, 

HOUTGAST. The Variation of the Profiles of Strong Fraunhofer Lines.— Utrecht. 1942. 

SAHA, M.N. Ona physical theory of stellar spectra,— Proc, Roy. Soc.Lond. (A), 99:134. 1921. 

FOWLER, RH. and E,A. MILNE.—MN 83:403. 1923. 

PANNEKOEK, A. The stellar temperature scale.— ApJ 84:481, 1936. 


391 


V.V. SOBOLEV 
Chapter XVI 
GASEOUS NEBULAE 


§95. The origin of nebular light. The galactic gaseous nebula fall into 
two groups. The first includes the so-called planetary nebulae. 
When viewed through a telescope, they mostly appear as circular or oval 
disks, reminiscent of the planetary disks, or in the form of rings. A hot 
star—the nucleus—is situated at the center of each planetary nebula, The 
second group comprises diffuse nebulae of irregular shape. Early- 
type stars (one or several) are observed inside the diffuse nebula or near 
it. The diffuse nebulae are substantially larger than the planetary nebulae. 

The spectra of gaseous nebulae consists of discrete bright lines againsta 
weak continuous background. The bright lines are identified with hydrogen, 
helium, ionized helium, and a number of other atoms and ions. The most 
characteristic feature in the spectra of gaseous nebulae are the so-called 
principal nebular lines N, and N, with wavelengths of 5006 and 4959 A, 
respectively. Originally these lines were assigned to a new element 
"nebulium,'' not found on the Earth, but in 1923 Bowen /1/ showed that 
these were in fact forbidden lines of doubly ionized oxygen. The spectra 
of gaseous nebulae Show numerous other forbidden lines too. 

The currently known gaseous nebula number a few hundreds. The disks 
of numerous recently discovered planetary nebulae are indistinguishable 
through telescopes, and their assignment to planetaries is based on spec- 
tral evidence. These are either very small or very distant nebulae. The 
number of known diffuse nebulae greatly increased in recent years following 
the work Shain and Gaze /2/. Photographs of the sky taken in a narrow 
spectral region around the Hg, line revealed faintly luminous diffuse 
nebulae in great numbers. 

Although the energy emitted by the gaseous nebulae is concentrated 
predominantly in discrete spectral lines, the nebular luminosities are 
exceedingly high. The average absolute photographic magnitude of 
planetary nebulae, according to the latest data of Vorontsov-Vel'yaminov 
{3/, is M,= -0.5. Note that planetary nebulae are mostly much brighter 
than their nuclei (three stellar magnitudes on the average). 

The emission of the gaseous nebulae is excited by stars. The nebula 
abosrbs the high-frequency radiation of the star and converts it into quanta 
of lower frequencies, in particular visible quanta. Planetary nebulae are 
excited by the radiation of their nuclei (O-type and Wolf-Rayet stars). 
Diffuse enbulae are excited by O-type, Wolf-Rayet, and BO-type stars 
situated inside the nebula or near it. It is remarkable that we know of no 
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diffuse nebulae whose light is excited by stars of later types than BO. 

This is so because the intensity of the high-frequency radiation of the late- 
type stars is insufficient to produce marked excitation of the nebula in the 
visible spectrum. 

The theory of emission of gaseous nebulae is one of the best developed 
branches of astrophysics. This is associated with the attractive simplicity 
of the physical processes taking place in these nebulae. 

Before going into the details of this theory, let us first consider the 
properties of the radiation reaching a given point in the nebula from the 
exciting star. Suppose that the star emits as a blackbody of temperature 
Yf,. If the sky were completely covered with these stars, the radiation 
density at a given point in the nebula would equal the radiation density in 
thermodynamic equilibrium, i.e., it would be expressed by Planck's 
formula 

ey eS aw: (1) 
ehTe__4 


In fact, however, the radiation density in the nebula is much less than 9%. 
It can be written in the form 


ov = Wes, (2) 


where W is the so-called coefficient of dilution (attenuation) of 
radiation. Clearly, 


wae, (3) 


where 2 is the solid angle subtended by the star at a given point in the 
nebula (Figure 145). Let 7, be the radius of the star and r the distance of 
the particular point from its center. Since 


to 
Q = 2n \ sin 0d = 2n (1 —cos @,), 
0 


and sin =, we get 


‘ my 
wetfs- VE). " 
A point on the surface of a star collects radiation from a whole 
hemisphere. Therefore, in this case (i.e., for r=ry), W= 1/2. 


FIGURE 145 
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For points far from the star (r >r,) we have by (4) 


We) (5) 


Note that in this case the dilution coefficient can be represented as a ratio 
of the stellar disk area ar? to the area of a sphere of radius r, i.e., 4xr°, 

The average radius of planetary nebulae is of the order of 10'7cm or 
10* astronomical units, and the radii of their nuclei are of the order of 
10°cm. The radiation density in a planetary nebula is therefore diluted 
approximately a factor of 10'* compared to the radiation density on the 
star's surface. 

Integration of Eq. (2) over the frequencies, using the Stefan- Boltzmann 
law for the integrated radiation density in thermodynamic equilibrium, gives 
the following expression for the integrated radiation density in the nebula: 


Writing g=aTi, we obtain 


4 
PS W' Tes (7) 


Since the temperature of the exciting star is of the order of a few tens of 
thousands of degrees, while the W in nebulae is of the order of 10744, the 
temperature 7, corresponding to the integrated radiation density in 
nebulae is of the order of a few tens of degrees, 

The integrated radiation density reaching the nebula from a star is thus 
exceedingly small, On the other hand, we see from Eq. (2) that the 
relative distribution of radiation over frequencies is the same as in the 
original stellar radiation, i.e., it corresponds to the very high temperature 
T,. The radiation reaching the nebula from the exciting star is thus 
characterized by an enormous disparity between the integrated density and 
the spectral composition. 

When radiation having this property interacts with matter, the frequency 
distribution, as we know from thermodynamics, is changed in the direction 
of a more probable distribution. In other words, the high-frequency 
quanta are degraded to quanta of lower frequencies. This is the qualitative 
interpretation of the process of ''degradation' of radiation in gaseous 
nebula. 

We willnow proceed with a quantitative discussion ofnebular emission. At 
the start we assume that the atoms have only three energy states (1,2, and 
3). Of the various transitions induced by the radiation of the star, we will 
consider only two antagonistic cycles: 


I, 1-3-2->1; U. 1-2~3-1, 


The first cycle involves absorption of one quantum of frequency v,, and 
emission of two quanta of lower frequencies v,, and v,,, whereas the second 
cycle involves absorption of two quanta of frequencies v,, and v,, followed 
by emission of one quantum of higher frequency v,;. 

Let us calculate the number of events of each kind which occur in unit 
volume of the nebula each second. To this end we use Einstein's transition 
coefficients A,,, B,,, 8,, and write o,;, for radiation density at frequency v,,. 
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If n,is the number of atoms in state 1 in 1 cm, the number of transitions 
from state 1 to state 3 in 1 cm? in 1 sec is n,8,,0,,. From state 3 we may 
have transitions (both spontaneous and induced) down to state 1 and state 2. 
The fraction of transitions to state 2 is 


Agn+ Ba2Qea . 
Ay, + By:013 + Ag: + Bs2020 


Some of the atoms in state 2 will return to state 3 after absorbing suitable 
radiation quanta, and some will drop to state 1 (spontaneously or after 
being induced by radiation). The ratio of the number of 2~1 transitions 
to the total number of transitions originating in state 2 is 


As, + Bain 
Bo3Q23-+An+ Bois * 
The total number of events of the first kind is thus 
= _ Age + 2B2025 4 Ag+ Bas Oi2 
Nr= "B01 Ag,+ Byi0ist Aszt+ BorQ29 = BaaQest+-Aeit+ BaiPia ~ (8) 


The number of events of the second kind is similarly found to be 


BoyQ Aji + Bai 
Ny=nB Bas A + B51 Ot ; 
Ss V7 12012 Aegi+ BoiQi2+ Basen = Agi + 431Q13+ As2-+ B2022 (9) 


From Eqs. (8) and (9) we obtain the following expression for the ratio of 
second-kind to first-kind processes: 


fir 312012B 23023 (Ast + Bs O13) (10) 
Ny By3Q13 (As2+ Ba2O2a) (Aci + 221012) ° 
To simplify this expression, we use Einstein's relations 

Bi Bi 

Ay, = Bin Fin Bui =, Bins (11) 
where 
Brhv3, 
oi,= » (12) 


and g, is the statistical weight of the ¢-th state. We moreover write 


Qin = Woi.2ins (13) 
where 
= 1 
Qn= Wa (14) 
etTe 1 


Eq. (10) thus takes the form 
Ny =W Q12029 (1-+ W O29) 
Wo a=W: = =~. 
1 Qin (4+ Ware) (1+ Wee) 
For w= 1, Eq. (15) yields 


(15). 


1 hvis 
ag 
Mn Qia eee de 
Ny; 1 1 “Avy veg * 
tr (<-+1)(<-+1) arene 
Qia O23 
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But v,,+¥.9=3, So that in this case = 1, as could have been 
expected. 


If W <1 we obtain, seeing that the factor 012023 is of the order of unity, 
Qis 


—a WwW, (16) 


Thus, the number ratio of processes of the second kind to processes of 
the first kind is of the order of W. This result is generally known as 
Rosseland's theorem, 

In planetary nebulae Wx 107!4. Therefore in this case the number of 
second-kind processes is negligible compared to the number of first-kind 
processes. In other words, the degrading of high-frequency quanta to 
low-frequency quanta is immeasurably more probable than the opposite 
process of upgrading. 

§96. Determination of stellar temperatures. We have so far regarded 
the nebula as consisting of atoms with three energy levels only. We will 
now proceed with treatment of a real nebula made up of hydrogen atoms. 

Because of the low radiation density innebulae, the great majority of 
atoms are in the ground state. The nebulae are therefore opaque to the 
radiation in the Lyman series, and completely transparent to the radiation 
in Balmer, Paschen, and other subordinate series. The nebulae thus 
absorb stellar radiation at Lyman series frequencies and emit quanta in 
subordinate series (in particular, in the visible Balmer series), which 
escape unobstructed from the nebula. If the optical thickness of a nebula 
beyond the limit of the Lyman series is sufficiently large, the nebula will 
emit in hydrogen lines mainly through absorption of stellar energy in the 
Lyman continuum (since the energy absorbed by the nebula in Lyman lines 
is much less). 

In more exact terms, the emission of a hydrogen nebula can be 
described as follows. The stellar radiation beyond the limit of the Lyman 
series ionizes hydrogen atoms, producing protons and free electrons, 
After some time, a proton captures a free electron. Suppose that an 
electron is captured on one of the higher lying levels. This event releases 
a quantum which lies beyond the limit of the corresponding subordinate 
series and thus escapes from the nebula. The electron then "cascades" 
from level to level. Owing to the exceedingly low density of radiation and 
matter in nebulae, these cascade transitions are hardly ever interrupted. 
The quanta emitted in these transitions correspond to various lines of 
subordinate series and also escape from the nebula. If, however, the 
electron drops to the first level, a Lyman line quantum is emitted, which is 
absorbed in the nebula and an electronis returnedtothesamelevel. There- 
fore, as long as the starting level is not the second, the electron will 
eventually end up on a level other than the first. This cascade clearly 
terminates with a transition to the second level with an emission of a 
Balmer series quantum, followed by a transition from the second level to 
the first with emission of a L,quantum. The Balmer quantum escapes 
unobstructed from the nebula. The L, quantum will also escape from the 
nebula, although after a lengthy process of diffusion. 
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It follows from the preceding that each absorbed Lyman continuum 
quantum is degraded in the nebula into precisely one Balmer quantum and 
one L, quantum (some quanta in other subordinate series may also form). 

In the following we assume that the optical thickness of the nebula in 
the Lyman continuum is substantially greater than unity. In this case, the 
nebula absorbs and degrades all the L, quanta emitted by the star, so that 
the number of L, quanta emitted by the star is equal to the number of 
Balmer quanta emitted by the nebula. 

The emission of the nebula in the Balmer series thus provides an 
indication of the stellar emission beyond the limit of the Lyman series. 
Comparing the nebular glow in the Balmer series with the stellar luminosity 
in the visible spectrum, we essentially compare the luminosity of the star 
in two far removed spectral regions (ultraviolet and visible). This compa- 
rison therefore gives a tool for determining the temperature of the star. 

Let /3 be the average intensity of the outgoing stellar radiation. The 
number of quanta radiated by the star between v and v+dv is then 


x 
4nr? =~ dv, 


so that the total number of L, quanta emitted by the star is 


Ni, = 4ar, \ 5S av, (17) 


where v, is the frequency of the Lyman limit. 
On the other hand, the number of Balmer quanta emitted by the nebula 
is 


Nm= Dy Res (18) 
Ba 
where £,is the total energy radiated by the nebula in the i-th Balmer line, 
and hv, is the energy of the corresponding quantum. Let &f be the energy 
emitted by the star in a unit frequency interval around the i-th Balmer 
line. The nondimensional ratio 


A, = Te (19) 


can clearly be found from observation. Inserting (19) in (18) and seeing 
that 


E? = 4nrinl in 
we find 


ml* 
afi . 


5 (20) 


Na = 4nr? > A; 
Ba 


If the optical thickness of the nebula beyond the Lyman limit is much 
greater than unity, 


Noa= Nt, 
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Therefore using (17) and (20) we get 
DALs, = fas. (21) 
Ba 


vo 


Suppose that the radiation intensity If is given by Planck's formula with 
the temperature T,. Then, (21) is replaced by 


v vidyv 
Ba ehTe_4 me erFe_4 
Substituting 
h A h 
i is eat 23) 
we finally get 
z} r zidz 
Das 2\ ar: (24) 


The sum in the left-hand side of this equation is taken over all the lines of 
the Balmer series and over the Balmer continuum. 

As we have already mentioned, A, is found from observations. After 
that Eq. (24) can be applied to determine the temperature 7, of the star, 

This method for the determination of stellar temperatures was proposed 
by Zanstra /4/. He actually applied the method to find the temperatures 
of the nuclei of three planetary nebulae (NGC 6543, NGC 6572, and 
NGC 7009). The stars were found to have exceedingly high temperatures, 
39,000, 40,000, and 55,000°, respectively. 

Nebular emission in the lines of some other atoms (though not all) 
originates in the same way as the hydrogen emission through photoioniza- 
tion followed by recombination, These atoms absorb stellar radiation 
beyond the limit of their principal series and partly re-emit it in the 
visible spectrum. This, in particular, is the origin of the HeI and Hell 
lines of gaseous nebulae. The line intensities of these atoms can also be 
used to determine the stellar temperature. 

Note that the stellar temperatures determined from the lines of various 
atoms are in general different. For example, for the nucleus of NGC 7009, 
hydrogen lines give 55,000° and Hell lines give 70,000°. A possible 
explanation of this divergence is that the radiation intensity of the star is 
not representable by the Planckian equation with a constant temperature 
over the entire spectrum. It also seems that in certain cases the nebula 
absorbs only part of the stellar energy beyond the limit of the principal 
series of the particular atom. In these cases the stellar temperatures are 
clearly less than the true temperatures. 

As we have already observed, Zanstra's mechanism of nebular 
emission (photoionization followed by recombination) is not the only possible 
one. There is an alternative mechanism operating in the gaseous nebulae 
which produces emission in the main nebular lines N, and Ny, and in other 
"nebulium" lines. 

The different origin of the nebular emission in the N, and Np, lines is 
proved by the following considerations. 
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1. Had the N, and Nz quanta been produced by stellar radiation beyond 
the limit of the OIII principal series, the stellar temperatures would 
have been excessively high, sometimes over 10° deg. 

2. Some planetary nebulae show no Hell lines, as the emission of the 
nuclei beyond the limit of the principal series of this ion is too weak. 
If the N, and N, lines were a product of photo-ionization, they would also 
be absent in these spectra, since Het and O?+ have nearly equal ionization 
potentials. The N, and Ny, lines in the spectra of all the planetary nebulae, 
however, are the strongest. 

The emission of gaseous nebulae in the 'nebulium" lines is actually 
produced by excitation of atoms through collision with free electrons. 

The excitation potentials of states which can produce "nebulium" quanta 
are very high (2.5 V for N, and N,). The nebulae thus contain a large 
number of free electrons with energies sufficient for the excitation of these 
states. In the final account the emission of the nebula in the 'nebulium" 
lines is associated with stellar radiation, since the free electrons acquire 
their energy in photoionization. 

The "nebulium" lines can also be used to determine the stellar 
temperatures, like the lines of recombination origin. The corresponding 
equations were derived by Zanstra /4/, using the following assumptions: 
1) most free electrons are generated in photoionization of hydrogen atoms, 
2) all the L, quanta of the star are absorbed in the nebula, 3) all the 
energy acquired by the electrons in ionization goes into excitation of the 
"nebulium" lines. 

As we know, the kinetic energy acquired by the electron which is formed 
when an atom is ionized by radiation of frequency vis 


+ mu? = hv — hvg, 


where-v, is the ionization frequency of the atom (hydrogen in this case). If 
the nebula absorbs all the stellar radiation beyond the limit of the Lyman 
series, the energy acquired by free electrons in 1 sec is 


o 
Anr® \ a 


vo 


— (hv — hv,) dv. 


On the other hand, the energy emitted by the nebula in ''nebulium" lines 
in 1 sec can be expressed as 


an’ > A,xnly.v,, 
Neb + t 
where A, are the ratios defined by Eq. (19), and the sum is taken over all 


the ''nebulium" lines excited by electron impact. 
According to Zanstra's assumptions, the last two quantities are equal: 


D An w= [0-9 . (25) 
Neb Vo 


Substituting for Jj the Planckian intensity, we get 


4 C _ 
DAR = | AR ay, (26) 
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or using (23) 


atte fH ae en) 


e~—1 
Neb er—1 x, 


"nebulium" 


Eq. (27) gives the temperature of the star, 7,, if the A,of the 
lines are known from observations, 

Using his method, Zanstra obtained 39,000° for the nucleus of NGC 6543, 
38,000° for that of NGC 6552, and 50,000° for the nucleus of NGC 7009. We 
see that these temperatures are close to the 7, values obtained from hydrogen 
lines, 

Various modifications of Zanstra's original method were proposed for 
the determination of stellar temperatures from nebular emission, 

Seeing that the visual luminosity of planetary nebulaeis mainly determined 
by the emission in the 'nebulium" lines, Zanstra applied Eq. (26) to derive 
a relation between the star temperature T7, and the difference in the 
stellar magnitudes of the nucleus and the nebula m,—m,. Clearly, the 
greater the difference m,—m,, the higher is the temperature of the star. 
Using this relation, Zanstra determined the temperatures of the nuclei of 
22 planetary nebulae. 

Ambartsumyan /5/ derived an equation relating the stellar temperature 
T, to the intensity ratio in the hydrogen Hg line and the 4 4686 A line of 
ionized helium. Using this equation, he found 115,000° for the nucleus of 
NGC 7009 and 165,000° for the nucleus of NGC 7027. These exceedingly 
high temperatures (compared to the results of other methods) may be 
associated with the non-Planckian distribution of energy in the star's 
spectrum and with incomplete absorption of the L, radiation by the nebula. 

The methods described in this section for the determination of stellar 
temperatures are widely used in astrophysics. They can be applied not 
only to the nuclei of nebulae but to ordinary stars with bright spectral lines, 
such as Be stars, Wolf—Rayet stars, novae, etc. 

§97. Ionization in nebulae. The degree of ionization of atoms in thermo- 
dynamic equilibrium is described by Saha's equation. The nebular gas, 
however, is not in a state of thermodynamic equilibrium, and we therefore 
require a new ionization equation. In this derivation we will make use of 
the stationarity of the nebulae. This means that the physical conditions in 
the nebulae do not change with time (actually, the physical conditions do 
change, but this variation is very slow). More precisely, we assume that 
the number of ionization events is equal to the number of recombination 
events in each volume element. 

Since the atoms in nebulae are ionized mostly from the ground state, 
the number of ionizations in 1 cm’ in 1 sec produced by radiation of 
frequencies between v and y+dv is 


k 
ny is dv \ I, do, 


where ky, is the absorption coefficient per atom. Seeing that (Jud o=cpy and 


py=Wp3, we find for the total number ofionizations inunit volume in unit time 


nyW ce 


Vv. 


Ci 


ey 
v 


7; dv, 


1 


where v, is the frequency corresponding to ionization from the ground state. 
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Recombinations naturally occur to all levels. Therefore, the total 
number of recombinations in 1 cm’ in 1 sec is 


nn 30, (T.), 
1 


where n* and n, is the number of ions and electrons in 1cm? and C,(T,) is the 
probability that the electron is captured by the ion on the i-th level (it is 
a function of the electron temperature 7,), 

Equating the last two expressions, we get 


@ * wo 
nw \ ky SY dv =nn* DC; (T,). (28) 
4 


Yy 


This equation gives the degree of ionization of atoms in the nebula if 4,, and 
C{T,) are known. It can be greatly simplified, however, if we use the 
relation between the coefficients k,, and C,(7,). 

Let r,(v)du be the number of free electrons with velocities from vu to v+du 
in 1 cm? and n,n‘B,(v)/(v)dv the number of these electrons captured by ions on 
the i-th level in 1 cm? inlsec. Then 


Cy.) = | By (0) f (0) dv. (29) 
0 


On the other hand, 6,(v) is related to the absorption coefficient kiy: 


B; (¥) = — st kiy (30) 


cemip g* 


(see Vol.I, §9). For €,(T,) we thus get 


C4(T.) = ox #E 


cm? gt 


\ ivf (yy dv. (3 1 ) 


al.) 


Eq. (28) can now be rewritten in the form 


pn,W j ki 


‘y 


8 ay se nyn'C, (T.), (32) 


where p is fractional capture to the first level. Using Eq. (31), and taking 
pt in the Planckian form and /(v)in the Maxwellian form, we obtain from (32) 


a dv mh’ ¢c bales 
$ kiyv?e Te udu. (33) 


pn,W , Kiy 
4 Ts —1 2 (QumkT,) 


St 
ar n 


Calculation of the integrals in Eq. (33) requires knowledge of i, as a 
function of vy. This function is different for different at6ms, but we will 


take approximately hiy~ 4 for all atoms. The resulting error is relatively 


small, whereas the calculations are greatly simplified. Integrating, we 
obtain from Eq. (33) 


le 


Ay 


In(l—e #Te)2, (34) 


iS] 


n, nv = pw Te 2 Games) 
nay Z's 
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Usually we have a >1. Therefore (34) gives 


ig T, 2(2xmkT 2 ua 
Bs 8 te bmi) AT 
Ng i ai pw T. 7) e *. (35) 


This is the final form of the ionization equation for nebulae. 
We see that Eq. (35) differs from Saha's equation in that it contains a 


factor pW # in the right-hand side. This factor is very small for 
planetary nebulae (since W~ 10714), This does not mean, however, that 
the degree of ionization > is also small. In fact, the degree of ionization 


in nebulae may be quite substantial, since the small dilution coefficient w 
is offset by the small concentration of free electrons n,. 

Strictly speaking, Eq. (35) is valid only when the optical thickness of 
the nebula beyond the limit of the principal series is less than unity. 
Otherwise, abosrption of stellar radiation and diffuse emission by the 
nebula due to recombinations to the first level should be taken into 
consideration. 

The absorption of stellar emission between the star and a given point 
in the nebula can be allowed for by introducing in the right-hand side of 
(35) a factor e*, where t is the optical distance from the star beyond the 
limit of the principal series, corresponding to some averaged absorption 
coefficient. The ionization due to diffuse emission of the nebula can be 
approximately taken into consideration by dropping in the right-hand side 
of (28) the term which corresponds to recombinations to the first level 
(since in a nebula of large optical thickness the recombinations to the first 
level are compensated by ionizations following absorption of diffuse 
radiation). It is easily seen that in this case the factor p is the right-hand 


side of (35) is replaced by — For the hydrogen atom the fractional 


capture to the first level is close to 1/2, so that the factor ran is close to 


unity. We will take this factor to be equal to unity for other atoms as well. 
We can now rewrite Eq. (35) in the form 


a 
Re RS Ts 2(2amkT.)" —hTe p-1 
n, wy | eae Sean (36) 


It is interesting to establish the variation in the degree of ionization = 
1 


with the distance r from the star. To simplify the treatment, we consider 
a planetary nebula whose thickness is small compared to its radius. In 
this case, the dilution coefficient is constant throughout the nebula 

(W= const). We further assume a constant concentration of atoms in the 
nebula (n= const). 

Our calculations will strictly apply to hydrogen. In principle, however, 
the results are valid for all atoms which can produce substantial absorption 
beyond the limits of their principal series in nebulae. 

Let z be the fraction of ionized atoms, i.e., 


n=an, ny=({—x)n, n,=2n. (37) 


402 


§ 97. IONIZATION IN NEBULAE 


Then, Eq. (36) is replaced by 


2 et Wy / Te 20nmir,? — art 
[eo on Te. is e “et, (38) 


The optical distance 1t entering this equation is defined by 


cank | (1-2) dr, (39) 


" 


where £ is the average absorption coefficient, r, is the internal radius of 
the nebula. 

Eqs. (38) and (39) readily give a differential equation between z andr. 
Taking the logarithm of (38) and then differentiating, we get 


(2+ a= - ae. (40) 
Using (39) we find 
2 4 d 
(2 +545) ySe= - kar. (41) 
Integration of (41) yields 
2 lg a : _ a is ms =nk(r—r,), (42) 


where z,is the value of zfor t= 0. 

Table 1 lists as an example the values of nk(r—r,) calculated from Eq. (42) 
for various r. In these calculations 1—z,= 0.001. The table also gives 
the values of 1+ calculated from the expression 


-_ Zy \? 1-2 
t=1g() t—z° (43) 
which follows from (38). 

TABLE 1 

{-x mk(r ry) | T 
9.001 0 ) 
0,003 669 14 
0.01 907 2.3 
0.03 963 3.5 
0.4 999 4.7 
0.3 1009 6.4 
0.5 1012 7.6 


From the above equations and the table we see that z remains approxi- 
mately constant up to r values determined by the relation 


{ 
nk (r—r,) = Ae 


(44) 


and then it rapidly falls over a relatively small range of r values. The 
values of r from Eq. (44) correspond to t of the order of few units. 
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The result is quite understandable from physical considerations. When 
the optical distance t is of the order of unity, the degree of ionization 
decreases and the number of neutral atoms increases. The increase in the 
number of neutral atoms, inits turn, increases the optical distance Tt, 

The nebula can thus be divided into two regions: the inner region, where 


the degree of ionization is high (+1), and the outer region, where the 
1 
degree of ionization is exceedingly low ( = < 1); the boundary between 


these two regions is extremely sharp. Theinnerregionemits a line spec- 
trum of the particular element, which is produced by photoionizations and 
recombinations, whereas the outer region does not emit in these lines, 

If the stellar temperature is sufficiently high to produce double ionization, 
the nebula can be divided into three shells. In the innermost region, which 
is the closest to the star, we find mostly doubly ionized atoms and the gas 
emits the line spectrum of the singly ionized atom; in the intermediate 
region the gas is mainly composed of singly ionized atoms and it emits the 
line spectrum of the neutral atom; in the outermost region the gas mostly 
consists of neutral elements and it does not emit in lines of recombination 
origin. 

It follows from the preceding that the nebular radiation should display a 
characteristic ''stratification.'"' This theoretical conclusion is borne out by 
actual observations: the images of planetary nebulae obtained with a 
slitless spectrograph have a different sizein different lines. On the whole 
the size of the image decreases with increasing ionization potential (as 
should have been expected), For example, the size of the nebula in Hell 
lines is much less than in HeI lines. 

§98. Emission line intensities. The physical conditions in gaseous nebulae 
are so simple that the relative line intensities in the emission spectra can 
be found without much difficulty. If an atom in a nebula has become excited 
for some reason, it will mostly drop down spontaneously. In other objects 
(e.g., stellar atmospheres), spontaneous transitions are invariably accom- 
panied by transitions which are induced by radiations and collisions, so 
that the calculation of the relative emission line intensities is a complex 
undertaking. 

Let us first calculate the intensities of hydrogen lines in the spectra of 
gaseous nebulae. To this end, we use the stationarity condition for the 
excited hydrogen levels. This condition is an expression of the fact that 
the number of transitions to a particular state is equal to the number of 
transitions from that state. 

The number of transitions to the i-th state in 1 cm? in 1 sec is 


co 


nn'C; (T.) ase x Ny Ay, + 2B 4Q);- 


Here the first term is the number of captures directly to the i-th level, 
the second term is the number of Spontaneous transitions from upperlying 
discrete levels, and the third term is the number of transitions from the 
first level induced by the Lyman line radiation. 
The only transitions from the i-th state are spontaneous downward 
transitions. The number of these transitions in 1 cm? in 1 sec is 
im! 


ny > Ajn- 


t 
k=t 
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Equating the last two expressions, we get 


i-! 


ny py Ay, =n nC, (T, ae Dy , PAu +B, iQ, (§=2,3,4,...). (45) 


The transitions from the first to the i-th state are induced by quanta 
which are emitted all over the nebula in transitions from the i-th to the 
first state. Since almost all the quanta are absorbed in the nebula, we 
have 


ny By Qn = 2A. (46) 


Using Eq. (46), we obtain from (45) 


o 


i-t 
nj 2 A= men's (Te) + Ds PrAne (i=3, 4,...). (47) 


We have thus obtained a system of linear algebraic equations for the 


unknowns z, = at. 
i 


If z, are known, the relative line intensities can easily be found. The 
energy emitted by the nebula in the line corresponding to the 4+: transition 
in 1 sec is 


Buy = Anhvi, \ n, av, (48) 


where the integral is over the entire volume of the nebula. If the electron 
temperature 7,, on which z, depend, is constant throughout the nebula, 
Eq. (48) takes the form 


Ena = 2 ArahVin ( n,n" dV. (49) 


This expression gives the line intensities, apart from a constant factor. 
In particular, for i= 2 it gives the intensity of the Balmer lines (the so- 
called Balmer decrement). 

Eqs. (47) were solved approximately by Cillié /6/, who used the first 
12 equations (i= 3,4,...,14) and dropped all the rest. C,(7.) was taken 
in the form 


2°n 210 2 A 
Cy (7.) = a micihs ‘Ee kT, Vr oT, E(t (50) 
(Gn)? 


where y, is the energy of ionization from the i-th state. 

Later Eqs. (47) were considered by Menzel and Baker /7/. They used 
the exact expression for C,(T,) (with Gaunt factor different from unity) and 
considered higher levels as well. Their results are listed in Tables 2 
and 3. 

Table 2 lists the values of 5,, defined by the relation 

Xi 
n, = bane eT. (51) 
(2umkT,)? 
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this parameter signifies to what extent the value of a in nebulae differs 
& 


pan in a State of thermodynamic equilibrium with 


temperature 7T,. Fori->o, we properly have 6,1, 


from the value of 


TABLE 2 
a ', 
NS 5000° 10 000° 20 000° 40 000° 80 000° 
t 
3 0.0008 0.089 0.339 0.670 1.304 
4 0.0406 0.166 0.404 0.729 1.108 
5 0.0840 0.233 0.460 0.743 1.065 
6 0.132 0.206 0.512 0.773 1.045 
7 0.173 U.341 0.550 0.789 1.046 
8 0.211 0.979 0.577 0 802 1.032 
9 0.244 0.417 0.6u0 0.816 1.031 
10 U.271 0.448 0.620 0.825 1.030 
15 0.371 0.526 0.676 0.85: 1.027 
20 0.428 0.571 0.713 0.871 1.025 
25 0,464 0.600 0.736 0.882 1.024 
30 0.486 0.618 0.759 0.893 1.024 


The values of the Balmer decrement calculated using these b, values are 
listed in Table 3. We see that the Balmer decrement is not particularly 
sensitive to the electron temperature T,.* 


TABLE 9 


5000°| 10 000° | 20 000° | 40 000° | 80 000° | 160 000° 


3 2.43 | 2.50 2.59 2.741 2.83 2.93 
4 1.00} 14.00 1.00 1,00 1.00 1.00 
5 0.53 | 0.5% 0.50 0.49 0.48 0.47 
6 0.33 | 0.31 0.30 0.29 0.27 0.26 
7 0.223) 0.206 0.192 0.179 0.169 0.159 
8 0.157) 0.143 0.130 0.120 0.112 0.104 
9 0.115) 0.415 0.093 0.085 0.078 0.072 
10 0.087) 0.079 0.009 0.062 0.057 0.052 
15 0.030} 0.025 0.02! 0.018 0.017 0.015 
20 0.014) 0.u12 0.010 0.009 0.006 0.006 
25 0.007) 0.006 0.905 0.004 0.003 0.003 
30 0.004) 0.003 0.003 0.002 0.002 0.001 


The observed Balmer decrement is on the average steeper than the 
theoretical (i.e., the observed H,/H, ratio is greater than the theoretical 
figure), This divergence, however, is largely due to the reddening of 
distant objects because of interstellar absorption of light. If the observed 
Balmer decrement is corrected for interstellar absorption, a good fit is 
obtained with the theory. 

The theoretical line intensities in the emission spectra of nebulae can 
also be found for other atoms. This is particularly easy for hydrogen-like 
ions. For an ion of atomic number Z, the energy levels are a factor of Z? 
deeper than the corresponding levels of hydrogen, the Einstein coefficients 


* Recentfindings indicate that for the low levels Menzel and Baker's results are less accurate than Cillié's. 
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of the spontaneous transitions are a factor of Z4 larger than the corre- 
sponding hydrogen transition coefficients, and the probabilities C,(7,) are 
expressed by Eq. (50) with an additional factor Z*. Eqs. (47) and (51) 
therefore show that the coefficients 4, for the given ion at the temperature 
Tf, are equal to the corresponding coefficients 6, for hydrogen at the 
temperature 7,/Z?.. For example, the values of b, for ionized helium at 

T, = 40,000° can be borrowed from Table 2 at T,= 10,000°. 

The 4, of neutral helium were determined by Goldberg /8/ and Nikitin /9/. 
The relative HeI intensities calculated by Nikitin show good fit with obser- 
vations for both the singlet and the triplet series. 

§99. Forbidden lines in nebular spectra. As we have already noted, the 
spectra of gaseous nebulae show numerous forbidden lines, In addition 
to the nebular lines N, and Nz, identified 
with doubly ionized oxygen, nebular spectra 
also contain forbidden lines of OI, OII, 

NII, SII, and other elements. The strongest 


TABLE 4 
TT forbidden lines are listed in Table 4. 
- Xclta - . . . 
ok Transition | Atom| tion "Forbidden" lines differ from ''allowed'! 
eed de potential lines in that their transition probabilities 
3726 | «s$,—p8,, | om | 3.31 Bre extremely small. The Einstein coeffi- 
3729 | 455,,—*Ds,, | OMI 3.34 cients of the spontaneous transitions for 
4983 Di—'So Ol 5.33 allowed lines are of the order of 10° sec™!, 
59 P»—! OUl| 2.5 P é 
5007 3p.—'D, Ol! 2.50 whereas for forbidden lines they are a factor 
6583 |} *P:—'D, | NII | 1.89 of millions and billions less, The sponta- 


neous transition probabilities of the N, and 
N, lines, say, are 0.018 and 0.006 sec'!, 
respectively. 

In ordinary stellar spectra no forbidden lines are observed. We will 
now explain why these lines occur in nebular spectra. 

First note that forbidden lines corresponding to levels from which down- 
ward transitions are permitted will never compete with the allowed lines, 
since for a given state the number of allowed transitions is invariably 
greater than the number of forbidden transitions. Forbidden lines may 
therefore reach comparatively high intensities only if the upper state is 
metastable, namely such that the only downward transitions are 
forbidden transitions. 

However, unlike the ordinary excited states with lifetimes of the order 
of 10°8sec, metastable states have lifetimes of a few seconds and more. 
Thus, for example, the average lifetime of the 1D, state of the OIII ion, 
which emits the NyandNglines, is42sec. Therefore, metastable states will 
emit forbidden lines only if the atom is not exposed to external distrubances 
for extremely long periods of time. In particular, the atom must not 
encounter any free electrons; since electron impact of the first kind may 
move the atom up from its metastable state, and electron impact of the 
second kind may move it down without emission in the forbiddenline. Simi- 
larly, the atom should not be exposed to intense radiation, since then it 
may absorb a photon and jump up from its metastable state. A necessary 
condition for the appearance of forbidden lines in any spectrum is that the 
density of matter and radiation in the source be sufficiently small. 

The absence of forbidden lines in stellar spectra indicates that the 
above condition is not met in their atmospheres. In other words, 
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metastable states are rapidly degraded by interaction of the excited atom with 
with photons or free electrons, which are present in high numbers in stellar 
atmospheres, and no forbidden lines are emitted. Conversely, the presence 
of numberous high-intensity forbidden lines in the spectra of gaseous nebulae 
is evidence of extremely low radiation density and density of matter in 

these objects. 

To obtain a more exact formulation of the conditions required for the 
appearance of forbidden lines, let us consider an atom with three energy 
levels. Suppose that the forbidden transition is 2-1 (i.e., the second level 
is metastable), whereas downward transitions from the third level are 
allowed. In this case A, < Ag, Ago. 

Let n,be the number of atoms in the metastable state in unit volume. 

An atom may reach this state, e.g., following absorption of a quantum of 
frequency v,,and subsequent emission of a quantum of frequency v,,(i.e., in 
a transition 1+3-2) or as a result of an inelastic collision with free 
electrons. 

The number of spontaneous 2~1 transitions with emission of forbidden 
line quanta in unit volume in unit time is 1,A,,. At the same time there are 
transitions originating from the second level due to the effect of radiation 
and collisions which do not emit quanta in the forbidden line. 

The number of induced transitions from the second level is 


2B e102 + MeBogOoae 
Using Eqs.(11) and (13), we write this in the form 


nA, Wor, + My Aggy Wears. 


The first term of this expression is clearly much less than the second 
term (since A,, < A;,). Thus, radiation will not interfere with spontaneous 
transitions from the metastable state if 


Ay, > Ax.Woo, (52) 


(we take here £2 =1), 


The number of transitions from the metastable state initiated by electron 
collisions is 


NM ey + NgMedoy. 


Here the first term represents transitions down from the metastable state 
due to second-kind electron impact, and the second term transitions up 

from the metastable state due to first-kind electron impact (n,is the number 
of free electrons in lcm), Since first-kind electron impact can be caused 
only by electrons with energies higher than the excitation energy of the atom, 
whereas second-kind impact is caused by electrons of any energy, the first 
term is generally much greater than the second. Thus, collisions will 
not interfere with emission of quanta in the forbidden line only if 


Agi > Mp3. (53) 


Inequalities (52) and (53) express the necessary conditions for the appea- 
rance of forbidden lines with intensities comparable to those of allowed lines. 


5139 408 


§ 99. FORBIDDEN LINES IN NEBULAR SPECTRA 


t 


Let us apply inequalities (52) and (53) to the 'nebulium" lines N, and 


Nez. The ratio $2 of the Einstein spontaneous-transition coefficients for 
the particular forbidden line and some allowed line is of the order of 107!° 
in this case, Inequality (52) thus takes the form Wp,,<1071°, Since in 
planetary nebulae the dilution coefficient is of the order of 10-'4, this 
inequality is definitely satisfied. 

Now, a,, can be written in the form a,,=0,0, where o,,is the effective 
cross section for second-kind impact, v is the average electron velocity. 
In crude estimates we may take o,,=107 cm?, v=1078cm/sec. There- 
fore from (53) n,<10®, As we will see in the following, n,~10* in 
planetary nebulae. Inequality (53) is thus also satisfied (although it is not 
as sharp as (52)). 

Inequalities (52) and (53) can be used not only to study gaseous nebulae 
but also other objects, e.g., nova envelopes. When the envelope is near 
the star, we have the inverse inequalitities 


Ay, € A5:W Qos, Ay < An, 


and no forbidden lines are observed. As the envelope expands, W and n, 
decrease, and the necessary conditions for the appearance of forbidden lines 
are eventually satisfied. At the time when the forbidden line appears 


Any © Molto, (54) 


(at this time inequality (52) is already satisfied). The concentration un, of 
free electrons in the envelope at that time can thus be found from (54). 

Note that in objects with very small Wand n, there is a substantial 
concentration of atoms in metastable states. This clearly leads to the 
appearance of forbidden lines from these states. A good example is 
provided by the absorption line 4 3889 A corresponding to the 235 metastable 
State of helium. This line is observed in the spectrum of the star 0, Ori 
in the Orion Nebula. 

A detailed treatment of the necessary conditions for the appearance of 
forbidden lines and accumulation of atoms in metastable states was first 
carried out by Ambartsumyan /10/. Later this problem was also consi- 
dered by other authors /11,12/. 

As we have already noted, the majority of forbidden lines in the spectra 
of gaseous nebulae are associated with excitation of atoms by electron 
impact. Therefore in all calculations connected with nebular emission in 
forbidden lines, we need the effective cross sections for inelastic 
collisions of various atoms and ions with free electrons. Recently, these 
effective cross sections were determined by Seaton /13/, 

Let o,;(v) be the effective cross section for the collision of an atom with 
a free electron in which the atom jumps from State i to state /(vis the 
electron velocity). This cross section may be written in the form 


54) = 2 (55) 


4um*s; v4 


where mis the electron mass, fh is Planck's constant, g,is the statistical 
weight of the i-th state, Q(i, 7) is the nondimensional effective cross section. 
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Seaton calculated the function Q(i, 7) for ions with 2 ps and 3p? configurations 
(g= 2,3,4). These configurations contain three terms, in the order of 
increasing energy: °P,1D, and *S(q= 2 or 4) or 4S,*°D, and ?P(q= 3), 
designated in what follows 1,2,3, respectively. The values of Q(:, s)for 
ions with 2 p7 configurations are listed in Table 5. 


TABLE 5 
q=2 Q1,2) al, 3) | q=3 Q(1,2) | Q(1,3) q=4 Q(t.2) | A,3) 
Nil 2.39 0.223 | Oly 1.44 0.218 FII (0.95) | (0.057) 
Ont 1.73 0.195 Fy (1.00) (0.221) | NelII 0.76 0.077 


NelV (0.68) (0.234) || NalV (0.61) (0.092) 


FIV (1.21) | (0.172) 
Nav | (0.43) | (0.225) ]} Mev | (0.54) | (0.112) 


NeV (0.84) | (0.157) 


For the SII ion with 3 p? configuration we have Q(1,2)2.02, Q(1,3)=0.383. 
The calculated values of Q(i,/) differ from the exact values apparently by 
no more than 40%, and the estimates (in parentheses) no more than by a 
factor of two. 

The values of Qfor OIII listed in the table determine the cross Sections 
for impact excitation of the 'D, state from which the N, and Ng, lines origi- 
nate and of the 1§, state from which the 4 4363 A line is emitted. 

Knowledge of Q(i, 7) makes it possible to determine the number of 
impacts of first or second kind in unit volume in unit time. If the electron 
velocity is v, the number of inelastic electron-atom collisions inducing 
i—/ transitions in 1 cm? in 1 sec is n,n, o,;(vjv. We assume that the electron 
velocities have a Maxwellian distribution 


a 
mu? 


2. 2. mute 
dn, = 4an, ( =F ) e 2Ta y* dy, (56) 


where 7, is the temperature of the electron gas. In this case the total 
number of electron-atom collisions inducing i->j7 transitions is 


dn, 
ae dv, 


n j g;; (v) 


where uv, is obtained from the equality a =hv,, for impacts of the first kind 
and v= 0 for second-kind impacts. As before, let njn,b,;be the number of 
first-kind impacts in 1 cm’ in 1 sec and njn,a,;,the number of second-kind 


impacts. Using (55) and (56) we then obtain 


1 
af Aves 
Qs) _h 2 -—¥ . if) 
bj =O a (sar) e Fre = 8.54x 1078 2) KT 5 (57) 


—— —— 6 
si VT, 
and 


= -e_ 2 C4/) 
aj, = 8.54 x 10 VE (58) 
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From (57) and (58) we obtain the following relation between the coefficients 
b,; and a,,: 


Jig ite , (59) 


This relation is applicable whenever a Maxwellian distribution of 

electron velocities is valid (see Vol.I, §10). 

§100. Nebular temperatures. Comparison of the above theory of nebular 
emission with observation results yields various parameters which charac- 
terize the physical conditions in nebulae, 

namely temperatures, densities, etc. 

Sy Two methods have been proposed for the 
determination of the electron tempera- 
tures of nebulae. 

The first method is based on the 
intensity ratio of the forbidden lines 
44363 and N, +N, of doubly ionized 

7, oxygen. The N, and Np lines originate in 
1D, °*P, and 1D,—> 9P,transitions, and the 
44363 A line in the 15S, —> 'D, transition 


A 5007 (N2) (Figure 146). The excitation potentials 
of the levels 'D, and !S,are 2.5 and 5,3V, 
2 respectively. These levels are excited 


! §P by electron impact. The higher the 
electron temperature of the nebula, the 
FIGURE 146 greater is the ratio of the atoms in the 
1S, state to the number of atoms in the 
1D, state and consequently the brighter 
is the 24363 A line compared to the N, and Np. 

Let mn, n,, mg Stand for the number of O?+ ions in the ground state (#P) 
and in the two metastable states ('D,and'S,), respectively. Ignoring 
collisional transitions from excited states compared to spontaneous tran- 
sitions, we obtain from the stationarity condition 


MyNedyy + NgAgy == NpAgi, \ 


60 
MyMebyg = Ng (Ag, + Age). a 


For the O?* ion the probability of the 3-1 forbidden transition is much less 
than the probability of the 3~2 transition, so that 4,,< A,. By (60) we thus 
have 


om by 
= Aap pat 


npA gy 
N3Ase 


The required line intensity ratio is therefore 


EN Ne Vie b 
re Ef dt). 
-F 44363 Ves ( + ) (61) 


Let us now change over from 6,; to a, using Eq.(59). This will 
enable us to express in explicit form the dependence of the intensity 
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Noth 


E 
ratio E, on the electron temperature 7,, Since a;,is hardly dependent 


on 7',. ‘After appropriate substitution, we get 


xine _ Mn (14-4 Re A A ): (62) 


“£y4363.Ye3 6a 21 


Eq. (62) was derived by Ambartsumyan /14/. Taking an to be of the 
aval 


order of unity and using the observed intensity ratio of the N, + Nz, and 
4 4363 A lines (= 30), he obtained some 7,000° for the electron temperature 
of the nebula, 

This method of electron temperature determination of nebulae was 
further developed by Menzel, Aller, and Hebb /15/, who calculated the 
effective cross sections for the collisional excitation of nebulium lines and 
introduced second-kind impact in the stationarity equations. Taking the 
average figure «,~ 10* for the electron concentration, they obtained the 
equation 

33000 


En tNy = 
rt =4.07e Te 
An43g3 . (63) 


The electron temperatures from Eq. (63) were found to be of the order of 
6,000 —10,000° for numerous nebulae, 

Seaton's effective collision cross sections /13/ give somewhat higher 
values for the electron temperatures of the nebulae /16,17/. 

The second method for the determination of 7, of nebulae is based on 
examination of the energy balance of electron gas. In photoionization 
the electrons acquire a certain energy, which is imparted to them by the 
star's radiation. Subsequently they dissipate this energy in the excitation 
of atoms with which they collide and as radiation emitted in the continuous 
spectrum (free-free transitions and recombinations), These processes 
naturally establish a certain temperature of the electron gas. 

Suppose that the electrons gain energy through photoionization of hydro- 
gen atoms and lose it in three ways: 1) through radiation in the continuous 
spectrum, 2) through excitation of O?+ ions, and 3) through excitation of 
hydrogen atoms. Under these assumptions the author /18,19/ derived the 
following relation between the star's temperature T, and the electron 
temperature of the nebula 7,: 


AT, = BT, +022 24D, (64) 


where A, B, C, D are Some coefficients actin in /18,19/). The first 
of these coefficients is a function of 7, only, and the others are a function 


of T, only; N,/H, is the intensity ratio of the lines Nj and Hg, a is the 


average (for the entire nebula) ratio of the number of neutral hydrogen atoms 
to the number of protons. Each of the terms in the right-hand side of 

Eq. (64) corresponds to a certain energy loss mechanism of the electron 

gas. 
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Calculations using Eq. (64) gave for the temperatures of planetary 
nebulae values of the order of 9,000—14,000°. These low 7, values are 
attributable to the cooling of the electron gas through inelastic collisions 
with atoms (expecially with O*+ ions). 

Recently, Aller /17/ derived an equation analogous to (64) (though with- 
out the last term) and applied it to calculate the electron temperatures of 
nebulae, 

§101. Masses, densities, and chemical composition. The emission of 
nebulae in hydrogen lines can be used to determine the concentration of 
hydrogen atoms in nebulae. To this end one generally uses Eq. (49) which 
gives the energy emitted by a nebula in a given line. Applying this 
expression to the Balmer line corresponding to the 4—>2 transition, we get 


Ey = 2, AjahVay \ n,n dV. (65) 


Since hydrogen is the most abundant element, and in the emitting part 
of the nebula it mostly occurs in ionized state, we may take n,=n"*. 
Eq. (65) is now written in the form 


Ene = 2 Ayghva,n?V, (66) 


where n* is the average number of protons in 1 cm3 and V is the volume of 
the emitting region of the nebula. By (66) we have 


Paes Ens 
iS V ae Vv’ (67) 


An estimate of n* in planetary nebulae using Eq. (67) gives values of the 
order of a few thousands. For these n° the ionization equation gives 
a ~ 10°. Hence on the average there are a few neutral hydrogen atoms in 


1 em?, 


Knowledge of n’ enables us to determine the mass of the emitting part 
of the nebula, 


MaemynV, (68) 


where m, is the mass of hydrogen atom. Inserting (67) in (68), we find 


= 7 Engl 
ne ms V ZpAnahVon ” (69) 


The energy emitted in a given Balmer line is a certain fraction A,, of the 
visible luminosity of the nebula Z, i.e., E,.= Al. Eq. (69) can therefore be 
written in the form 


M=CYLV, (70) 
where 


Aah 
Cc =m V : (7 1 ) 


Eq. (70) was first derived by Ambartsumyan /14/. Application of this 
equation gives for the masses of planetary nebulae 0.01 Mo. Note that this 
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is the mass of the emitting part of the nebula. It corresponds to the total 
mass of the nebula if its optical thickness beyond the limit of the Lyman 
series is less than unity. 

Vorontsov—Vel'yaminov /20/ determined the mass of NGC 6572 from 
its Hy emission. He first had to determine the concentration of atoms as 
a function of the distance from the nucleus, His result was M*=0.007 Mg. 

The masses of diffuse gaseous nebulae lie between very wide limits, 
from a fraction of the solar mass to a few thousand Solar masses, As an 
example, we would like to mention Guk's work /21/, who made photometry 
of the Omega Nebula NGC 6618 and determined its mass from Eq. (70). 

The mass of the brightest part of the nebula was found to be 30 My, and the 
mass of the entire nebula 515 Mo. 

Once the number of hydrogen atoms in the nebula has been found we can 
determine the number of other atoms as well. This is accomplished by 
measuring the intensities of the lines of various atoms relative to the 
intensity of the Balmer lines in nebular spectra. 

The intensity of a line produced by photoionization and recombination 
is expressed by Eq. (49). The parameter z, entering this equation should 
be obtained from the stationarity equations for various levels of the atom, 
analogous to Eqs. (47), Calculation of z, requires knowledge of the recom- 
bination probabilities and Einstein's coefficients of spontaneous transitions. 

An example of lines of recombination origin is provided by the lines of 
neutral and ionized helium. The intensity of these lines relative to the 
Balmer line intensities indicates that the number of helium atoms in nebulae 
is on the average 1/10 of the number of hydrogen atoms /22,9,23/. 

To find the intensities of lines associated with inelastic electron-atom 
collisions we require the effective cross sections for these collisions and 
Einstein's spontaneous-transition coefficients. In this case the number of 
excited atoms is determined by solving equations analogous to Eqs. (60) 
for 07+, 

As an example note that the ratio of the number of O*+ ions to the number 
of hydrogen atoms from the intensity ratio of N, + N2 and Hg lines is found 
to be of the order of 10-4, 

A highly important fact is that nebular spectra show OII lines of recom- 
bination origin. The presence of these lines provides an independent esti- 
mate of the number of 07+ ions using Eq. (49). The two estimates show 
Surprisingly good fit for different nebulae. 

The most comprehensive treatment of the chemical composition of 
planetary nebulae was carried out by Aller and Menzel /22/. Their results 


are listed in Table 6. 
J manety ebuts | sae 


TABLE 6 


Element 


Hydrogen 

Helium 175 
Carbon 0.17 
Nitrogen 0.3 
Oxygen 1.0 
F luorine 

Neon 0.1 
Sulfur 

Chlorine 

Argon 
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For comparison the table also lists the chemical composition of the Sun 
and the star 1tSco obtained by an entirely different method—from absorption 
line intensities. 

Recently Aller /23/ determined the chemical compsition of the planetary 
nebula NGC 7027, using Seatons's effective collision cross sections (see $99). 
Allers results (logartithm of the relative number of atoms) are listed in 
Table 7, together with the chemical composition of a ''normal star." 


TABLE 7 


NGC 7027] Star 


Ele- 
Star 
ment 


We see from the table that the differences in the chemical composition 
of nebulae and stellar atmospheres are not large. 

§102. Radiation pressure in nebulae. As we have already noted in §96, 
the degradation of L, radiation in the nebula terminates with emission of 
L, quanta. The optical thickness of the nebula in the Lyman lines being 
exceedingly large, these quanta diffuse 
through the nebula very slowly. The 
density of the L, radiation in the nebula 
is therefore high. 

The problem of diffusion of L, radia- 
tion in a nebula was first considered by 
Ambartsumyan /24/. He also noted the 
great importance of the L, radiation 
pressure in the dynamics of nebulae. 

Let us assess the radiation pressure 
forces at the outer boundary of a plane- 
tary nebula, whichis assumed to be 
spherically symmetric (Figure 147), 

When treating on radiation pressure 
in nebulae, we should distinguish 
between two cases: 1) the nebula is 
Stationary, 2) the nebula expands with 
a velocity which is greater than the mean thermal velocity of atoms. 

In case 1, the L, quanta emerging through the inner surface of the nebula 
are absorbed in the opposite part of the nebula. Clearly, the intensity of 
radiation emerging at an angle # to the normal through this surface is equal 
to the intensity of the incoming radiation incident at an angle xn—# to the 
normal; in other words the total flux of the L, radiation at the inner surface 
of the nebula is zero. Hence, the L, radiation pressure in this case does 
not vanish on the outer surface of the nebula only (where it is directed 
outward). 

In case 2, the L, quanta emerging through the inner surface are no 
longer absorbed by the opposite part of the nebula on account of the Doppler 


FIGURE 147 
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shift. The L, radiation pressure in this case does not vanish on either 
surface (on the outer surface the radiation pressure is directed outward, 
and on the inner surface it is directed inward, to the star). 

Suppose that we are dealing with the second of the two cases above, in 
a nebula whose optical thickness beyond the limit of the Lyman series is 
much greater than unity. Then the majority of Lz quanta leave the nebula 
through its inner surface. We have noted before that the degradation of 
each L, quantum in the nebula produces one L, quantum. Therefore in this 
case the flux of L, quanta at the inner surface of the nebula is equal (with 
opposite sign) to the flux of L, quanta reaching the nebula from the star. 

Consider a unit volume on the inner surface of the nebula. The radiation 
pressure acting on this volume is 


k 
R= Hy hy, (72) 


where n,is the number of ground-state hydrogen atoms, k,,is the average 
absorption coefficient in the L, line per atom, Av, is the energy of a L, 
quantum, H,, is the flux of L, quanta. 

Since the L, flux is equal to the L, flux reaching the nebula from the 


star, we have 


Hy.=(#) SI, (73) 


where v, is the hydrogen ionization frequency. Inserting (73) in (72) we get 


R= aro 2anyhishvie sar meaed Gra »: a Ee ens (74) 


iis 


Note that in calculating the radiation pressure on unit volume, we can 
ignore the L, radiation, since the absorption coefficient in the L, line is 
approximately 104 as great as the absorption coefficient beyond the Lyman 


limit. 
Let us find the ratio of the radiation pressure force to the attraction 


of the central star. Since the unit volume contains ionized, as well as 
neutral, atoms, the attraction is given by 


a 
G=(*) gxMy (n+ Nn"), (75) 
where g, is the gravitational acceleration on the star's surface. 


» 
For the ratio = we get 


a 
R_ 2kyahVio vidy 
GCG; n \ hy : (76) 
om yo « (+2 Vo ets 1 


Putting T= 40,000°, = = 5,000, we find 


R10 
CG a (77) 
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gcan hardly reach values of the order of 10® cm/sec? (the gravitational 
acceleration on the surface of the Sun, for example, is 3-104 cm/sec’), 

We therefore conclude that the L, radiation pressure in nebulae is clearly 
predominant compared to the attraction of the nucleus. 

The radiation pressure should greatly slow down the parts of the 
expanding nebula closest to the star. Using Eq. (74), we can estimate this 
effect. The deceleration is found to be 3km/sec per century. 

The above calculations, however, are very crude, since they ignore 
the peculiar features of the diffusion of L, radiation in nebulae. 

We should remember that there is a definite velocity gradient in nebulae. 
If at some time all the strata of the nebula expanded at a constant velocity, 
the differential radiation pressure would eventually set up a range of 
expansion velocities. However, given different expansion velocities, the 
photons may diffuse through the central parts of the nebula without absorp- 
tion owing to the Doppler effect. The L, radiation density is thus lowered 
and the resulting L,, radiation pressure is less than that in uniformly 
expanding nebulae, 

The diffusion of L, quanta ina nebula with differential expansion 
velocities was first considered by Zanstra /25/. He assumed, however, 
that the frequency of the quantum did not change in diffusion. Later this 
problem was solved by the author /26/ assuming complete redistribution 
of radiation inside the line. It was shown that even a slight velocity 
gradient produces a very pronounced reduction in the density of the L, 
radiation and the corresponding radiation pressure. In particular, the ratio 
of the radiation pressure on the inner surface in a nebula with differential 
expansion velocities to that in a uniformly expanding nebula was found to be 


where gq is the ratio of the absorption coefficient beyond the Lyman limit 

to the L, absorption coefficient, uis the average thermal velocity of atoms, 
dv 
dt 
Lyman continuum frequencies). If u and ls are of the same order of 


is the velocity gradient in the nebula (1 being the optical thickness at the 


magnitude, this ratio is of the order of 0,01, 

Redistribution of radiation over the frequencies inside the line should 
clearly affect the radiation pressure values in a uniformly expanding 
nebula (or a stationary nebula) too. This problem also was considered by. 
Zanstra /27/. Taking the absorption coefficient inside the line in the form 


v—Vo\2 
Pes av ) 


he found that in a nebula with optical thickness of the order of unity in the 
Lyman continuum, the radiation pressure in case of complete redistribution 
over frequencies was about 1/300 of the radiation pressure without 
redistribution. 

In a recent study /28/ the author investigated the diffusion of resonance 
radiation in a stationary nebula. Three cases of diffusion were treated: 
a) with unchanged radiation frequency, b) with complete redistribution 
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over frequencies, c) with actual redistribution over frequencies, In case b 
the emission coefficient e, was taken to be proportional to the absorption 
coefficient ky. For case c we found the probability that the radiation 
absorbed by unit volume in the form of quanta of frequency v, was emitted 
as quanta of frequency v,. The natural width of the atomic energy levels 
and the Doppler shift associated with the thermal motion of the atoms were 
taken into considerations. For each case the integral equation of diffusion 
was solved. Cases b and c were found to be close to each other, though 
greatly differing from case a. This in particular partly justifies the 
assumption of complete frequency redistribution, used in earlier studies 
/26,27/. 

These results indicate that the L, radiation pressure in nebulae is 
actually much less significant than suggested by Ambartsumyan's /24/ and 
Zanstra's /25/ findings. Its significance is definitely low in the ionized 


part of the nebula (i.e., where 7 >1 for hydrogen atoms). The contribution 


from radiation pressure in unionized parts of the nebula may nevertheless 
be quite significant due to the increase in the number of absorbing atoms. 

This point was first emphasized by Gurzadyan in his work on the dynamics 
of nebulae /29/. 

Gurzadyan studied in some detail a subgroup of planetary nebulae 
featuring a double envelope. These double-envelope nebulae have a number 
of remarkable properties: the mass of the outer envelope is invariably 
much less than the mass of the inner envelope, the outer envelope is 
immediately adjacent to the inner envelope, both envelopes are not greatly 
different from each other, etc. Examination of these properties leads to 
the conslusion that double-envelope nebulae definitely did not form as a 
result of successive ejection of matter from the star: they actually developed 
from a normal nebula at a certain stage of its evolution. Gurzadyan 
suggests that the second envelope is produced by the action of the L, radia- 
tion pressure on the unionized component of the nebula in the period when 
its optical thickness in the Lyman continuum becomes of the order of unity. 
Gurzadyan's calculations bear out this hypothesis. 

The L, radiation pressure is thus capable of producing noticeable 
relative motion in different parts of the nebula. It may even somewhat 
accelerate the expansion of the entire nebula. If the nebula completely 
absorbs the stellar radiation beyond the Lyman limit, the velocity of the 
envelope produced by this radiation pressure is expressed by 


v?— f= 2 (rv), (78) 


where L is the luminosity of the star in the Lyman continuum, m™ is the 
mass of the nebula. Taking L= 10" erg/sec, M= 0.001 Mo, r—rn= 
= 10,000 a.u., v= 10km/sec, we obtain v= 25km/sec. Observations 
indeed seem to indicate that the expansion of planetary nebulae is accele- 
rated. This follows from a statistical comparison of the observed expansion 
velocities of nebulae with their dilution coefficients. These results are 
possibly associated with the effect of radiation pressure in the Lyman 
continuum (see Minin /30/). 

Further note that the expansion of the nebula is affected by gas, as well 
as radiation, pressure. 
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§103. The continuous nebular spectrum. We have already noted that the 
spectra of gaseous nebula consist of emission lines on a continuous back- 
ground. This continuous background is largely associated with recombina- 
tions and free-free transitions of electrons in the field of ions. The main 
contribution to this emission is from hydrogen, which is the most abundant 
element in nebulae. 

As we know (Vol.I, §9), the quantity of energy emitted in 1 cm? in 1 sec 
at frequencies between v and v+dv when an electron is captured on the i-th 
level of a hydrogen atom is 


~ 2°nb elo and 
Rel Stee? stir (3 aie dy (iv > Xi)» 
(6x)? 


and the quantity of energy emitted by free-free transitions in 1 cm in 1 sec 
in the same frequency range is 


. 2? 
—T aa GF ye “TR av, 


at 


a 


In these expressions x, is the energy of ionization from the i-th state, 7, is 
the temperature of the electron gas, n, and n* is the number of free electrons 
and protons in 1cm?, respectively. 

The total quantity of energy emitted in a unit frequency interval in 1 cm? 


in 1 sec is given by 


hv 


nn ae ee) (414222 As > * ire Tee, 78) 
(6n)* 


Here ;= 2 at frequencies between the Balmer and the Lyman limit, /= 3 
between the Paschen and the Balmer limit, etc. 

If the continuous emission of the nebula follows Eq. (79), comparison 
of theoretical and observed spectrophotometric temperatures and the 
intensity jump near the Balmer limit will give the electron temperature of 
the nebula. 

The spectrophotometric temperature 7, is related to the electron 
temperature 7, by the equality 


—~pat- fy. (80) 


This relation is obtained when the expression for the radiation flux 


Av 


Hy~e ie, (81) 


which follows from (79), is substituted in Eq. (80) of Ch. XIV (the definition 
of spectrophotometric temperature). 
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The Balmer jump in this case is given by 


8 . (82) 


Table 8 lists the Balmer jump D for various electron temperatures /,, 
at various values of the ratio C/ Ba. — the intensity of some other 
continuum (if present) to the intensity of the Balmer continuum. The table 
is borrowed from Greenstein /31/ 


TABLE 8 


C/Ba, 


600.1 0.2 03 


The continuous spectra of planetary nebulae were studied by Page /32, 
33/. He measured the energy distribution in nebular spectra beyond the 
Balmer limit and found that, if corrected for interstellar absorption, it on 
the whole fits Eq. (80). Page also discovered a continuous spectrum of 
approximately constant intensity between 43600 A and 14800 A, which 
could not be explained by the recombination mechanism. 

Barbier /34/ and Greenstein /31/ studied the continuous spectrum of 
the Orion Nebula. For the central part of the nebula Greenstein found 
Ts; = 12,000° on either side of the Balmer limit. According to Barbier's 
measurements between 14190 A and 14685 A, 7; = 6,950° (too low in 
Greenstein's opinion), and on the violet side of the Balmer limit 7s = 10,300°. 
The electron temperature of the nebula according to Eq. (80) is 7,= 65,000° 
for T;= 12,000° and 7, 33,000° for 7;# 10,300°. These values of T,are 
highly different from the electron temperatures obtained by other methods 
(see §100). 

According to Greenstein, the Balmer jump in the spectrum of the Orion 
Nebula is D= -0.64 (D= ~—0.56 according to Barbier). For this D, the 
table gives f,# 22,000°. This electron temperature is again much higher 
than the values obtained, say, from the (N, + N2)/ 44363 A intensity ratio. 

To avoid this divergence, we have to assume that the continuous nebular 
spectrum is produced by the joint action of recombinations together with 
some other mechanism. If, for example, we take C/Bac= 0.2, we get 
T,.= 12,000°. 

It follows from the preceding that the origin of the continuous spectrum 
of gaseous nebulae cannot be attributed to recombinations and free-free 
transitions alone. In some diffuse nebulae, dust particles scattering the 
stellar light are an additional source of glow. Planetary nebulae, however, 
are apparently free from dust. 
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Recently Kipper /35/, and also Spitzer and Greenstein /36/ described 
anew mechanism responsible for the continuous emission of gaseous nebula. 
It involves the emission of two quanta by a hydrogen atom jumping from 
the 2s state to ls, 

Let the frequencies of the two quanta emitted in the 2s—1s transition be 
yv,, and (1—y)v,., where v,,is the L.frequency. Let A(y)dy be the transition 
probability associated with the emission of a quantum at frequencies between 
Vey and v,, (ytdy). Writing 


A(y) =o" By), (83) 


2ne? 
he 
constant, the above authors calculated the function y(y)(Table 9). The 
energy emitted in unit frequency interval is proportional to AvA(y) or mp(y). 
The values of y(y) are also given in Table 9. Einstein's transition coeffi- 
cient from state 2s to state ls is 


is the fine structure 


where v, is the hydrogen ionization frequency and a= 


An, = | A(y) dy =8.227 sec”, (84) 
0 
TABLE 9 

y | aA) | » (v) | yw (y) 
0.00 ) ) 
0.05 24313 1.725 0.0863 
0.10 12157 2.783 0.2783 
0.15 8105 3.481 0.5222 
0.20 6078 3.961 0.7922 
0.25 4862 4,308 1.077 
0.30 4052 4.546 1.363 
0.35 3473 4.714 4.649 
0.40 3039 4.824 1.929 
0.45 2702 4.889 2.200 
0.50 2403 4.907 2.454 


In gaseous nebulae the hydrogen atom is excited to the 2s state following 
recombinations and cascade transitions of electrons from higher to lower 
States. The fraction of electrons passing through the state 2s on their way 
down relative to the total number of electrons captured on second and higher 
levels can be found without difficulty. Calculations give for this fraction 
X = 0.32. 

The values of X and A(y) can be used to determine the quantity of energy 
emitted in 2s— 1s transitions by unit volume in 1 sec at various frequencies. 
This energy is found to be comparable with the energy emitted in recom- 
binations and free-free transitions. 

The mechanism of two-photon emission largely accounts for the 
continuous nebular spectrum between 43600 4 and 14800 A, discovered 
by Page. There is, however, no perfect fit between theory and observations, 
possibly due to inaccuracy of the latter. Two-photon emission can be taken 
into consideration also in the theoretical determination of spectrophoto- 
metric temperatures and Balmer jumps. 
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Detailed comparison of theory with experiment should take account of 
the fact that a hydrogen atom in the 2s state does not necessarily drop to 
the ls state with emission of two quanta in the continuous spectrum. De- 
excitation of the 2s state may also be caused by collisions. If only collisions 
with free electrons are taken into consideration, we obtain 


0.32 
X= Ta 2-0m, ; (85) 


where n, is the number offree electrons inl em’, In this case, however, 


collisions with protons are of greater Significance than collisions with 
electrons, and we get 


0.32 
T0610, * (86) 


where the concentration of protons is taken equal to the concentration of 
free electrons. 

Seaton /37/ applied the above equations to calculate the Balmer jump-for 
some nebulae. His results are listed in Table 10. The last column gives 
the theoretical values of the Balmer jump calculated for the following three 
cases: 1) using recombinations and free-free transitions, 2) introducing 
two-photon emission with X= 0.32, 3) introducing two-photon emission 
with X from Eq. (86). 


TABLE 10 
Nebula 10°*Te | 10° ‘ne | —Das | —D theo. 

NGC 6543 1.0 3 0.98 1.26 0.70 0.95 
6572 1.3 5 0.79 1.00 0.59 0.84 

6826 1.4 3 0.61 1.15 0.66 0.89 

7009 1.4 3 0.82 0.90 0.56 0.73 

7662 4.3 5 0.81 0.80 0.59 0.79 

IC 418 1.9 0.8 0.48 0.69 0.45 0.50 
Average | 0.75 | 0.98 0.59 0.78 


We see from the table that two-photon emission markedly affects the 
value of the Balmer jump. There is furthermore good fit between theory 
and observations for X from Eq. (86). 

The Crab Nebula — a remnant of the supernova explosion of 1054 — is 
an object of particular interest. {ts continuous spectrum is very strong; 
the energy emitted in the line spectrum is but a few percent of the energy 
emitted in the continuous spectrum. Minkowski /38/ made an attempt to 
interpret the continuous spectrum of the Crab Nebula as an outcome of 
recombinations and free-free transitions. He obtained in this case 15 Mo 
for the mass of the nebula and a kinetic temperature of a few hundred 
thousand degrees. The central star was found to possess most peculiar 
properties too: its temperature was found to be 500,000°, its radius 0.02 Ro. 

New findings, however, led to a radical revision of our interpretation 
of the continuous spectrum of the Crab Nebula. In 1949 the Crab Nebula 
was found to be a powerful radio source. Somewhat later, a new radiation 
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mechanism was proposed — the bremsstrahlung of relativistic electrons in 
magnetic fields. This led Shklovskii /39/ to the hypothesis that the radio 
emission of the Crab Nebula, as well as its emission in the visible spectrum, 
is associated with the radiation of relativistic electrons (with energies 
reaching] oveV and higher). The origin of the relativistic electrons in the 
Crab Nebula is not clear at this stage. 

Note that the unusual origin of the continuous spectrum of the Crab 
Nebula also follows from the results of Dombrovskii /40/, who measured 
the polarization of radiation from different parts of the nebula. He found 
that although the percentage polarization differed in different parts of the 
nebula (9—15%), the direction of polarization is mostly the same. In his 
opinion, this result can be understood if the continuous spectrum of the 
Crab Nebula is interpreted as the radiation of relativistic electrons.* 
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V.V. SOBOLEV 
Chapter XVII 
STARS WITH BRIGHT SPECTRAL LINES 


§104, Early-type stars with bright lines, After a discussion of gaseous 
nebulae, we nowreturn to stellar atmospheres. In this chapter, however, 
we are no longer concerned with "normal" stars with absorption spectra, 
but rather with ''extraordinary' stars with spectra showing bright emission 
lines. The results obtained for gaseous nebulae are of fundamental signifi- 
cance in understanding the processes which take place in the atmospheres 
of these stars. 

We will first discuss early-type stars with bright lines, which include 
Wolf—Rayet, PCygni, and Be stars, This group has been studied in much 
greater detail than other stars with bright spectral lines. 

Wolf— Rayet stars are classified in spectral type O according to the 
degree of excitation and ionization of their atoms. Their spectra consist 
of a continuous background with superimposed wide emission bands of H, 
Hel, Hell, CII, NIII and other atoms with extremely high ionization 
potentials. Some of the bright bands have violet satellites in the form of 
weak absorption lines. The line profiles in the spectra of Wolf— Rayet 
Stars are shown in Figure 148, after Beals /1/. 

Beals established that the spectra of Wolf—Rayet stars fall into two 
distinct sequences: the nitrogen sequence and the carbon sequence. The 
spectra of the nitrogen sequence show bands of nitrogen in various ionization 
stages, whereas carbon and oxygen bands are absent; the spectra of the 
second sequence carry bands of carbon and oxygen in various stages of 
ionization, but no nitrogen bands. The degree of excitation and ionization 
of the atoms in the two sequences is roughly the same. Wolf—Rayet spectra 
with both nitrogen and carbon bands were subsequently discovered. Never- 
theless, some spectra are apparently characterized by stronger nitrogen 
lines, and others by stronger carbon bands. 

Wolf—Rayet stars are often found to be components of spectroscopic 
binaries. Some of these are also eclipsing variables. The study of these 
binary systems provided a wealth of information on Wolf—Rayet stars. In 
particular, it was established that their masses are generally of the order 
of 10 solar masses. 

The visual absolute magnitudes of Wolf—Rayet stars are about -3”. 
These stars are among the brightest objects in the Galaxy. Wolf—Rayet 
spectra, however, are characteristic not only of these stars: novae even a 
few years after the eruption and some nuclei of planetary nebulae also 
show Wolf—Rayet spectra, although their visual absolute magnitudes are 
on the average +5”. 
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Wolf—Rayet stars adjoin P Cygni stars, which belong to spectral type B. 
The spectra of these stars, like Wolf— Rayet spectra, show bright symmet- 
ric lines with a violet absorption satellite (Figure 149a). The bright lines, 
however, are not as wide as in Wolf—Rayet spectra, whereas the absorp- 
tion lines are conversely much stronger. 

P Cygni stars are not the only B-type stars with emission lines. All 
the rest are generally designated as Be stars. The line profiles in Be 
spectra can be described as a superposition of an emission line on a wider 
and relatively shallow absorption line; in some spectra the emission line 
has a single peak, while inothers itis split into two (Figure 149b,c). Be 
spectra undergo marked variations with time,e.g., the relative intensities 
of the bright line components change. Sometimes the bright lines disappear 
altogether, and the Be star is transformed into a normal B-type star. The 
spectral variations are accompanied by slight fluctuations in stellar 
magnitude. 

It is generally accepted that gaseous matter is ejected from these 
extraordinary stars (continuous ejection from Wolf—Rayet and P Cygni 
stars, and irregular, intermittent ejection from Be Stars). This produces 
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extended moving envelopes around the stars. The physical conditions in 
these envelopes are not unlike those in gaseous nebulae. In particular, 
they are characterized by a low dilution coefficient. In these stellar enve- 
lopes, likeinnebulae, high-frequency quanta are therefore degraded to low- 
frequency quanta. Since the stars of these groups are extremely hot, i.e., 
emit large quantities of high-frequency energy, their visible emission is 
correspondingly very strong. This explains the origin of the observed 
emission lines in the spectra of these stars. 
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Detailed interpretation of the spectra of Wolf—Rayet, PCygni, and Be 
stars (as well as of other nonstationary stars) requires a consistent theory 
of spectral lines in extended moving stellar envelopes. The elements of 
this theory are presented in the following sections. 

§105. Emission line profiles. The profiles of emission lines originating 
in moving shells are determined assuming that the envelope velocity is much 
greater than the thermal velocity of atoms (this assumption is generally 
justified in practice), In this case the line profile is determined mainly by 
the motion of the envelope. The effect of other factors on the line profile 
can be ignored to first approximation. 

Emission line profiles for the case of a transparent envelope can be 
calculated without difficulty. This case was treated by Beals /1/, 
Chandrasekhar /2/, Gerasimovich /3/, andothers. The envelope was re- 
garded as having spherical symmetry and the atoms were assumed to move in the 
radial direction only. The results gave the line profiles for different density 
and velocity distributions in the envelope. If the velocity of the atoms is 
independent of the distance from the star center, the line has a rectangular 
profile (i.e., the intensity is constant inside the line), If there is a velocity 
gradient in the envelope, the line profile is symmetric, with intensity falling 
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off on either side of the line center. If the partial screening of the envelope 
by the star is taken into account, the line is found to be asymmetric and 
Slightly shifted toward the violet. 

A determination of emission line profiles for opaque envelopes was 
carried out by the author /4/. Ambartsumyan et al. /5/ considered line 
profiles in moving envelopes, both transparent and opaque to the line 
radiation, An arbitrary velocity field was assumed in these studies. The 
approximate solution of this problem is as follows. 

Consider a line associated with the s>i transition in a given atom. The 
absorption coefficient a,, and the emission coefficient e,, are assumed 


constant for Vin — Toit <v< vin t Si and zero elsewhere. Here v,, is the 
central line frequency, Av,,=2—v,,, where u is the mean thermal velocity 
¢ 


of the atom, c is the velocity of light. 

Consider an zyz frame withthe origin at the center of the star and the 2 
axis directed toward the observer. The velocity of atoms in the envelope 
will be designated v(z, y,z) and its projection on the z axis v.(z,y, 2). Let v>u. 

Under the above assumptions on aq,, and ¢«,,, radiation of frequency v is 
emitted toward the observer only by the part of the envelope on the two sides 
of the surface of equal radial velocities defined by the equation 


Vin 
c 


v; (x, y, 2). (1) 


v= Vin + 


The line-of-sight half-thickness of the emitting region (i.e., the distance 
in the direction of the z axis from the surface (1)) corresponds toa frequency 


increment of ant Writing z, and z, for the limit values of z and seeing that 


u is small compared to v, we get 


ih | Ov: 
Avy, =~ = |@— 2,), (2) 
or 
y= (3) 


“Oz 


Let J,,(z, y, v¥) be the intensity of radiation from a point z, y of the disk at 
the frequency v inside the line. Since the thickness of the layer emitting at 
the frequency v (i.e., the difference z,—z,) is relatively small (except at 
isolated points), a,,and e,, may be regarded constant in the z direction 
across the layer; for these coefficients we may thus take their values on 


the surface (1). Thus, 
fated m BR eM rm 


The total energy emitted by the envelope at the frequency vin a unit 
solid angle is 


Ey v= 3S Lala y v) dedy. (5) 
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Using (3) and (4), we obtain from (5) 


Ey.) = ( Ven sik 4 — ]dzdy. (6) 
The integration is over the surface (1), Eq. (6) describes the emission line 
profile. 

In general, the envelope can be divided into two parts: the part opaque 
to the radiation in the particular line and the part transparent to the line 


radiation, In the first region, Ta My is greater than unity and in the 
oO 
second it is less than unity. The integral (6) in the first region is 


En(vy=(f sik de dy, (7) 
and in the second region 


Ein (v) = \ \ Cin Tony a dy. (8) 


Oz 


The coefficients a,, and e;, entering the above expressions are related 
to the concentrations of the absorbing and the emitting atoms (n,and n,, 
respectively): 


_— MRA hvin 
Pin = 4nAvin, (9) 


— MB nhvin ( {— Gi Re 
en.) Ce Sh Mi ): 78) 


i,are Einstein's transition coefficients. Using the relation 
and B,,, we get 


where A,, and B 
between A 


hi 


Sik Dhvin a . (1 1) 


Iq. (11) quite properly reduces to Planck's equation when = is expressed 


from the Boltzmann distribution. 

Thus, calculation of emission line profiles requires knowledge of the 
velocity distribution in the envelope and of the distribution of the absorbing 
and emitting atoms. In the next section we will show how n; andr, can be 
found. This will essentially complete the determination of the emission 
line profiles. 

As an example of the application of Eq. (6), let us find the emission line 
profiles originating in a uniformly expanding envelope (v= const). Let r 
be the distance of a given volume element from the star's center and ¢ the 
angle between the direction of motion of the atoms and the direction to the 


observer. We haveinthiscase »,~v cos #, We — ” sin? @, and the surface of 


equal radial velocities corresponding to te feequeney v is given by the 
equation 


v= V4, +" cos &. (12) 
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From Eq. (6) we obtain for a transparent envelope 
Ein (v) = 4m & | eur? dr, (13) 
and for an opaque envelope 


Hin (v) = 20 sin® & \ £ih » dr, 


Gin 


or using (12) 


Kin (v) = 20 [1—-( 2S)" ] Yate ar. ae 


The transparent envelope thus gives a rectangular line profile (as 
mentioned in the preceding), whereas the opaque envelope gives an emission 
line of parabolic profile. The widths of the two lines correspond to double 
the expansion velocity of the envelope. 

The emission line profiles in an envelope where v is a function of rare 
obtained by the same method, For transparent envelopes the line profiles 
are reminiscent of those in opaque envelopes with v= const, so that before 
applying the line profile to determine the velocity distribution in the 
envelope, we must establish whether the envelope is transparent or opaque 
to the line radiation. 

Using Eq. (6) we can also determine the profiles of emission lines 
originating in an envelope ejected by a rotating star. This problem is 
related to the interpretation of the spectra of Be stars. 

§106. Emission line intensities, In §98 we determined the intensities 
of emission lines of gaseous nebulae. The problem was reduced to the 
solution of the system of linear algebraic equations 


o 


t-1 
ny 2 Ane > nA, + aen'C; (Te), (15) 
a=? h=i+1 


which provide an expression of the stationarity conditions for each excited 
level, Here nv,, n,, n‘ are the concentrations of atoms in the i-th state, free 
electrons, and ions, respectively; n,n’°C,(T,) is the number of electrons 
captured on the i-th level in 1cm* in1 sec. In the derivation of these 
equations the nebula was assumed transparent to the line emission of the 
subordinate series. This assumption is acceptable, since the degree of 


excitation of atoms in nebulae is very low (“is proportional to the dilution 
1 


coefficient W). 

The emission lines in the spectra of Wolf —Rayet, P Cygni and Be stars 
are produced by fundamentally the same mechanism as the emission line 
in nebular spectra, namely by photoionization and recombination. The 
degree of excitation of atoms in the stellar envelopes, however, is not as 
low as in nebulae, so that the envelope may prove to be opaque to radiation 
in the lines of subordinate series. For this reason, Eqs. (15) do not always 
apply to the determination of line intensities in stellar spectra. In general, 
a new set of equations should be drawn up, which allow for the opacity 
of the envelope to line radiation; in other words, in addition to the 
stationarity equations for each level, we should introduce the equation of 
transfer in each line. 
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The motion of the envelope complicates the problem evenfurther. However, 
if the velocity gradient in the envelope is fairly high (as in the case in the 
stars under discussion), the problem is substantially simplified. In an 
envelope with differential expansion, the emission line quanta diffuse from 
the central parts (due to the Doppler effect), as well as from the periphery. 
Roughly speaking, the velocity gradient improves the transparency of the 
envelope to line emission. The determination of emission line intensities 
therefore again reduces to a system of algebraic equations (though not 
linear as for nebulae) /6/. 

To draw up the required equations, we should consider the following 
processes: 1) ionization of atoms from each state by stellar radiation; 

2) recombinations toeach state; 3) spontaneous transitions from upper to 
lower states; 4) transitions from lower to higher states induced by the line 
emission of the envelope. 

The number of spontaneous 4 ~i transitions in 1cm* in 1 sec is n,A,;. If 
the envelope is transparent to the radiation in the particular line, the quanta 
emitted in this transition escape unobstructed from the envelope, and no 
reverse transitions are possible. If the envelope is opaque to this radiation 
and its velocity is constant, almost all the line quanta are absorbed in the 
envelope and the number of £— i transitions is almost exactly equal to the number 
ofi~s transitions. In the presence of a velocity gradient, however, a 
certain proportion of the line quanta are lost owing to the Doppler effect. 
This fraction will be designated f,,. The number of s— i transitions is then 
greater by n,A,,8;,, than the number of reverse transitions, 

Since the number of transitions from the i-th state to all the other states 
should equal the number of transitions to the i-th state, we have 


co 


it 
ny (i Ay Bis + Bi Wie) = woe RA, Bin t+ Men'C; (T,). (1 6) 


where 2“,8;.0,,is the number of ionizations from the i-th state. o0;,are 
assumed known, 


0;,= Wor, (17) 


where of, is the radiation density beyond the limit of the i-th series in the 
steller atmosphere and W is the dilution coefficient. 
In the determination of B,, we assume, as before, that a,, and e,, both 


have constant finite values inside the frequency interval Av,,=2— vi, and are 


zero elsewhere. We moreover assume that the part of the envelope where 
the relevant line radiation is absorbed is relatively small (on account of the 
large velocity gradient), so that the density of matter and the velocity 
gradient in this region can be assumed constant. 

Let us consider the outgoing radiation of frequency v,, from some volume 
element in the direction inside a solid angle dw. On traversing the 
distance from s to s+ds, the radiation flux loses through absorption the 
following fraction of the emitted quanta: 


- a | win —v; | 
eth (4h ands, (18) 
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where the factor e~*i#* accounts for absorption between 0 and s, and the 


| vie —vir | 


Aue represents the change in frequency due to the Doppler 


factor 1 — 


effect. Here 


' Vih du, 
Vi Vin = ae (19) 


The fraction of quanta absorbed across the entire envelope is thus 


Ss} 
\ eine [4 — 


ous 


iS 


s| a,, ds, (20) 


where s, is given by 


4 


2u 


au, 
as 


$= 1. (21) 


Multiplying Eq. (20) by $2 and integrating over the solid angles, we obtain 


the proportion of quanta absorbed in the envelope relative to the total 
number of quanta emitted by a given volume. In our notation, this fraction 
is 1—f§,,. For §,, we thus get 
2u 
pe 
) 


Bra (ie '@ = (22) 


4n 


12% 
2uay, | ds 


If the envelope is opaque in all directions at a given point, we have 


1 


Be, 
Pon = Fao 


Os |" 


(23) 


averaged over all] the directions. If the enve- 


du, 
és 


where [3 is the value of 


lope is transparent in all directions at the given point (i.e., —e ai <1), 
3 


Os 


we properly find 6,,= 1. 
We have thus obtained Eqs. (16) for the unknowns n,, where §,, are 
determined by relations (22). The absorption coefficients a,, entering these 
relations are given by Eq. (10). 
If Eqs. (16) have been solved for different parts of the envelope, we can 
find the total quantity of energy emitted by the envelope in any spectral line. 
This is done using the expression 


Eng = AnghVin ( Bin dV, (24) 


where the integration is carried out over the entire volume of the envelope. 
For a transparent envelope f,,= 1 and Eq. (24) reduces to Eq. (48) of the 
previous chapter. 

Eqs. (16) can be solved numerically. To this end we require four 
parameters: the star's temperature 7, (which determines oj), the electron 
temperature 7.(which determines C,), the dilution coefficients W, and the 
coefficient B,,. Table 1 lists the values of the Balmer decrement obtained 
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for 7,,= 20,000°, 7,= 20,000°, £,,= 0.001 and two values of the dilution 
coefficients, W= 0.1 (case I) and W= 0.01 (case II). 

The same table gives for comparison the 
TABLE 1 Balmer decrement for transparent envelopes 
— (e.g., nebulae) with 7,= 20,000°. They were 


or Case | Case chute obtained from Eqs. (15), which are a particular 
I II case of Eqs. (16) for §,,= 0, B,,= 1 (i= 2,3,...) 
when ionization from excited states is ignored. 
H, | 1.61] 0.97] 2.59 The Balmer decrement for nebulae depends 
re or ep ae only on T, and changes very slowly with its varia- 
Hy 0.2%) 050! 0.30 tion. In envelopes with a velocity gradient, the 
H, | 0.15] 0.32] 0.19 Balmer decrement is a function of several para- 


meters and may take on widely scattered values. 
Observations show that in the spectra of Wolf— 
Rayet, P Cygni, Be stars and novae the Balmer decrement changes markedly 
from one star to another, whereas in the spectra of Be stars and novae it 
is even variable within each individual spectrum This can be associated 
with possible variation of the parameters JW and f,, in the envelopes of these 
stars, as the Balmer decrement is highly sensitive to their values. 
Calculation of f,, requires knowledge of the velocity field in the envelope. 
Suppose that the atoms move in radial direction with velocity », whichis a 
function of r, It is readily seen that in this case 
du dv 5 vp, 
Fe = 7, C08 + — sin? d, (25) 
where @ is the angle between the radius-vector and the line of sight. 


Eq. (25) shows that even when av = 0, there is a velocity gradient in the 


envelope (owing to its curvature). In this case 


26 
wo: (26) 


7 Itt. a 
Having found = » we can determine 6,,. from 


2unykys 


ov, 


Bye = a (27) 


where n, is the number of atoms in the ground state in 1 cm}, &,, is the 
absorption coefficient in the resonance line for one atom. 

Estimation of 8,,from the above equations gives the values required for 
the interpretation of the observed Balmer decrement. 

§107. Be stars. The characteristic line shapes of the Be spectra (see 
Figure 149) are currently attributed to the fast spin of these star, which 
causes intermittent ejection of stellar matter. The spin of the star broadens 
the absorption lines which originate in the atmosphere. Judging from the 
line widths, the rotation speeds of Be stars reach hundreds of km/sec. The 
emission lines superimposed on the wide absorption bands originate in the 
envelope ejected from the star proper; they are produced by photoionization 
and recombination reactions, 

The spin of the star is apparently conaucive to ejection of stellar matter. 
The rotation, however, is hardly the main reason for this ejection, since 
the phenomenon is irregular. 
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The emission line profiles calculated from the equations of §105 for the 
case of gas ejection from a spinning star are similar to the line profiles 
observed in the spectra of Be stars. The variation of line profiles may be 
attributed to changes in the ejection power. This, in particular, affects 
the relationship between the transparent and the opaque parts of the enve- 
lope. Gorbatskii used this approach /7/ to interpret the variation of line 
profiles in the spectrum of yCas, one of the best known Be stars. 

The emission line intensities in the spectra of Be stars were measured 
by various authors /8,9,10/. On the whole, the observed Balmer decre- 
ment does not fit the calculated decrement for nebulae. This can be reme- 
died, however, using the theory of §106, which takes into consideration the 
opacity of envelopes with a velocity gradient. The inevitability of intro- 
ducing envelope opacity for the interpretation of the Balmer decrement in 
the spectra of Be stars was also noted by observers /10/. 

The continuous spectra of Be stars were studied by Barbier and 
Chalonge /11/. They measured the spectrophotometric temperatures of 
the stars up to the Balmer limit and above it; they also measured the 
Balmer jump. The results show that Be stars (B-type with emission) are 
on the average redder than B-type stars without emission. Moreover, the 
Balmer jump of Be stars proved to be less than the jump in B-type stars. 

This difference in the continuous spectra of B and Be stars is associated 
with the presence of envelopes in the latter. The high-frequency radiation 
degraded in the envelope produces continuum quanta, as well as line quanta. 

The theory of the continuous spectrum of Be stars is attractively simple 
/12,13/. Since the stellar envelope is transparent at the continuum fre- 
quencies (the star is visible through the envelope), the energy emitted by 
a Be star at the frequency v can be written in the form 


| Se Sacer Bged (28) 


where Lis the energy emitted by the star proper (without the envelope), 
and Ly” is the energy emitted by the envelope. 

Using Eq. (79) of the preceding chapter, which determines the quantity 
of energy emitted in l cm’ in 1 sec, we get 


po j in a?n3 = (ar ,: ( 1 $2 3 4 me “iT, dV, (29) 


(6x)*/2 ail 


where the integral is taken over the entire envelope. The variation of n, 
and n* in the envelope is determined by analyzing the transfer of ionizing 
radiation through the envelope. If the envelope is completely ionized (the 
optical thickness beyond the Lyman limit is less than unity) and the density 
of matter is inversely proportional to the square of the distance from the 
star center, Eq. (29) takes the form 


1 oo 25 Av 
ao2 2% x { ns 
Ly%= 4nrgn§ —; em on = (a y’ (1 + aT, 2 welts Ye aT, (30) 


where r, is the inner radius of the envelope (equal to the radius of the star) 
and n, is the number of hydrogen atoms in 1 cm? on the inner surface. 
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It follows from the preceding equations that as the ejection of matter 
from the star is intensified, its light should show the following changes: 
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1) the apparent magnitude of the star 
should decrease; 

2) the spectrophotometric temperature 
should drop (since the spectrophoto- 
metric temperature of the envelope is 
low); 

3) the Balmer jump should become 
smaller (since the Balmer jump of the 
envelope is negative). 

The last two conclusion# are based 
on Eqs. (80) and (82) of the previous 
chapter. 

The above changes in the continuous 
spectrum are accompanied by an 
increase in the energy radiated by the 
envelope in the line spectrum. All 
these effects become more pronounced 
as the temperature of the star and the 
optical thickness of the envelope beyond 
the Lyman limit increase. 

The above equations can also be used 
to obtain a detailed interpretation of the 
continuous spectrum of Be Stars. For 
vy Cas this was done by Gorbatskii /7/. 
Between 1936 and 1941 the magnitude 
and the spectrum of this star underwent 
very considerable changes. The lumi- 


nosity increased three times during this period. At the same time the 
spectrophotometric temperature decreased, the Balmer jump became 


smaller, and the Balmer line intensities increased (Figure 150). 


All these 


phenomena can be understood if we assume that three times during 
this period the ejection of stellar matter increased and subsequently 


subsided. 


In other words the star has shed three successive envelopes. 


By comparing the theory with observations, Gorbatskii determined the 


fundamental parameters of the star and the envelope. 


He found that the 


radius of the star was equal to three solar radii, the temperature of the 
star 34,000°, the number of hydrogen atoms in 1 cm? of stellar surface 
n= 1012 1013 and the average electron temperature of the envelope 


T,. 15,000—20,000°. 
§108. Wolf—Rayet stars. 


Since the publication of Beals's study /1/, it 


is generally held that Wolf—Rayet stars continulusly eject gaseous matter. 
This point of view is based largely on the profiles of spectral lines. The 
line profiles in the spectra of Wolf—Rayet stars are on the whole similar to 


the line profiles in the spectra of novae. 
Wolf—Rayet stars, like novae, eject stellar matter. 


This fact distinctly proves that 
The spectra of novae, 


however, change with time, which is due to the steady recession of the 


ejected envelope from the star. 


The spectra of Wolf—Rayet stars, on the 


other hand, are unchanging, which suggests that these stars eject gaseous 
matter continuously and at a constant rate. 
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The theoretical line profiles determined assuming continuous ejection 
of stellar matter are also similar to the line profiles in Wolf— Rayet 
spectra. The emission lines originate throughout the extended atmosphere 
whereas the violet absorption satellites of the emission bands form in the part 
of the atmosphere approaching the observer. Even if the atmosphere is 
opaque to the radiation in a given line, the energy emitted in this line by the 
receding part of the atmosphere will reach the obServer because of the 
Doppler shift. The weakness of the absorption lines in Wolf—Rayet spectra 
can be attributed either to the small optical thickness of their atmospheres 
in these lines (because of the high ionization of the atoms) or to superposi- 
tion of emission lines on the absorption lines. However, if the lower level 
is metastable, the absorption line is very strong. This is due to the accu- 
mulation of atoms in the metastable states, as discussedin$99. Anexample 
is provided by the absorption line 43889 A which is associated with the 2's 
metastable state of neutral helium (see Figure 148). 

A particularly important argument in favor of the ejection hypothesis 
for Wolf—Rayet stars is provided by the observed proportionality between 
the emission line width Ad and the wavelength 4. This is precisely the 
dependence predicted theoretically for lines originating in an expanding 
envelope. Table 2 lists an an example the measured and the calculated line 
widths Aj for three Wolf—Rayet stars (the proportionality coefficient 
between AA and Ais given under the star designation), The gas ejection 
velocities obtained from emission line widths for Wolf—Rayet stars are of 
the order of 1,000—2,000 km/sec. 


TABLE 2 


TiD 50896, 


HD 191765, 
k=0.00961 OORAS 


k=0.00 


Recently discovered binaries with Wolf—Rayet components also provide 
evidence in favor of the hypothesis of gas ejection. The results of 
photometric and spectroscopic observations of these binary systems indi- 
cate that the companions of Wolf—Rayet stars move in extended atmospheres 
in which the principal stars are shrouded /14,15/. 

Finally note that the hypothesis of gas ejection from Wolf— Rayet stars 
associates the emission bands in their spectra with the fluorescence 
mechanism. As we know, fluorescence requires small dilution coefficients. 
This condition is indeed satisfied in extended atmospheres. If we were to 
reject the notion of extended atmospheres around Wolf—Rayet stars, the 
interpretation of the bright bands in their spectra would present considerable 
difficulty. 

It is significant that the assignment of the emission bands in Wolf— Rayet 
spectra to photoionization and recombination processes is also supported 
by a number of independent facts. The extended atmospheres of Wolf— 
Rayet stars are in fact assumed to show the same Stratification as the 
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planetary nebulae. This means that lines of high ionization potentials 
originate in deeper lying layers of the atmosphere than lines of low ioniza- 
tion potential do. In planetary nebulae the stratification of radiation can 
be directly observed, whereas for Wolf—Rayet stars it is unobservable. 
The stratification of ra:liation in the atmospheres of Wolf—Rayet stars 
nevertheless emerges from the following considerations. 

As we know, the nuclei of some planetary nebulae are Wolf—Rayet 
stars. In these cases, Zanstra and Weenen /16/ note that if the spectrum 
of the nucleus contains HelII and HelI lines, the 
spectrum of the nebula shows only HeI lines; if, 
however, the spectrum of the nucleus contains only 


TABLE 3 
HelII lines, and no HeJI lines, the spectrum of the 
Stars | We 1 | Ne 11 nebula shows both HeI and HelII lines. This effect is 
associated with the stratification of radiation in the 
HD 1924631 1815 | 1550 atmospheres of Wolf—Rayet stars. In the former 
151982) 735 7 480 case the entire stellar energy beyond the limit of the 
177 230] 783 520 ‘ : F : P 
192 193] 1290 | 975 He II principal series is absorbed in the stellar 


184738) 1075 ) 540 atmosphere, whereas in the latter case the stellar 


atmosphere absorbs only part of this energy. In 

other words, in the first case the boundary between 
the He II and HeI emitting regions lies in the stellar atmosphere, and in 
the second case it lies in the nebula. 

Another indication of the stratification or radiation in the atmospheres 
of Wolf—Rayet stars is provided by the unequal widths of the emission lines 
correspond to different atoms in these spectra. For example, the HelI lines 
are wider than the HeII lines. This is evident from Table 3, which lists 
for various Wolf—Rayet stars the line widths of HeI (15875 4) and Hell 
(45411 A), expressed in km/sec. 

The different widths of HeI and Hell lines are associated with their 
formation in different parts of the atmosphere, where the velocities of 
atoms are a function of the distance from the star's center. Since the Hel 
lines originate in upper lying layers (compared to HelII lines), Table 3 
shows that the motion of atoms in the atmospheres of Wolf—Rayet stars 
is accelerated, Minin's calculations show that the accelerated motion of 
helium atoms ejected from a Wolf—Rayet star can be caused by radiation 
pressure beyond the limits of the principal He II and Hel series. 

The recombination mechanism of emission in the line spectra of Wolf— 
Rayet stars led some authors to certain conclusions concerning the chemical 
composition and the physical conditions in stellar atmospheres, based on 
line intensities. 

Ambartsumyan /17/ determined the relative content of hydrogen and 
helium in the atmosphers of Wolf—Rayet stars from the intensity ratio of 
H, and 4 4686 A Hell. He treated the atmospheres as transparent to line 
radiation. The atmospheres of Wolf—Rayet stars, unlike other atmospheres, 
contain more helium than hydrogen (approximately by a factor of 1.8). 

Zanstra and Weenen /16/ also assumed transparency of the atmospheres 
in the relevant lines and determined the relative abundance of hydrogen, 
helium and carbon. First they calculated the size of the regions which 
emitted the lines corresponding to different ionization stages of the atoms, 
The helium to hydrogen ratio was found to be 1.3, and the carbon to helium 
ratio 0.37. 
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Recently Slyusarev /18/ considered the intensity of HI and HelII 
emission lines in the spectra of Wolf—Rayet stars using the theory of §106. 
The atmospheres of these stars were found to be transparent to the radiation 
in hydrogen lines and opaque to Hell radiation. The transparency of the 
atmospheres in hydrogen lines is associated with the high ionization of 
hydrogen and the large velocity gradients in the atmospheres. The HelII line 
intensities calculated from Eqs. (16) showed good fit with observations. The 
HI/HelII intensity ratio indicated that the number of helium atoms in the 
atmosphers of Wolf—Rayet stars was a factor of 5—12 greater than the 
number of hydrogen atoms. 

It follows from the above studies that the chemical composition of Wolf— 
Rayet stars is highly anomalous. In the atmospheres of "normal" stars 
and in gaseous nebulae the abundance of hydrogen is about 10 times as 
great as the abundance of helium, whereas in Wolf—Rayet stars the ratio 
is reversed. This point deserves special attention, since according to 
modern concepts the energy of the stars is generated in nuclear reactions 
which convert hydrogen into helium. 

The intensity ratio of the emission lines to the continuous Spectrum can 
be used in determining the temperatures of Wolf—Rayet stars. This is 
done applying Eq. (24) of the previous chapter to different atoms. Table 4 
lists the temperatures of Wolf—Rayet stars (in thousands of degrees) 
calculated by Vorontsov-Vel'yaminov /19/. In each column, the ionization 
potentials in volts are indicated below the atomic symbol. 


TABLE 4 


HD 192 163 32 65 73 — 84 15 
191 765 35 62 69 _ 75 45 
193.077 29 ot 39 — 74 13 
193 576 29 48 60 _— 62 14 
192 103 33 64 63 69 _ 12 
192 641 _ 39 55 70 _ 7 


We see that Zanstra's method gives extremely high values for the 
temperatures of Wolf—Rayet stars. The table also shows that the lines 
of different atoms give different temperatures for the same star, This is 
mainly associated with the small optical thickness of the atmospheres 
beyond the limit of the principal series of atoms with low ionization 
potentials, so that the atmosphere absorbs only part of the stellar radiation 
at these frequencies. This is the case with neutral helium and hydrogen. 
Calculations show that the optical thickness of the atmosphere of a Wolf— 
Rayet star beyond the Lyman limit is of the order of 0,01. The tempera- 
tures determined from hydrogen lines are therefore very low, about 20,000°. 
Another reason for the divergence between the temperatures obtained from 
different lines is the deviation of the actual energy distribution in the stellar 
spectrum from the Planckian distribution. 

The last column in Table 4 lists the spectrophotometric temperatures 
of Wolf—Rayet stars, They are clearly much lower than the temperatures 
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obtained by Zanstra's method. This is so because the degradation of high- 
frequency radiation in the envelopes of Wolf—Rayet stars produces not only 
emission lines but also a continuous spectrum with energy distribution 
corresponding to an exceedingly low temperature. The processes producing 
the continuous spectrum of Wolf—Rayet stars, however, are more complex 
than the corresponding processes for Be stars. This is associated with the 
greater thickness of the Wolf—Rayet envelopes, which therefore act both 

as an "atmosphere" and a ''photosphere" (the star proper" does not show 
throught the envelope). 

Note that the energy emitted by a Wolf—Rayet star in a line spectrum 
can be used to determine the concentration of atoms at the atmosphere — 
photosphere interface. It is found to be of the order of 10!? cem~3. 

Of great interest is the determination of the quantity of matter ejected 
by a Wolf— Rayet star annually. Clearly, the discharge of matter through 
1 cm? area at a distance r from the star's center in time dé is Q(r)u(r)dt, 
where o(r) and u(r) are respectively the density and the velocity at a given 
point in the envelope, The discharge through the entire spherical surface 
of radius r in time dtis 


diz = 4nr’9 (r) u(r) dt. (31) 


To evaluate ee we take r to be the radius of the photosphere. Taking 


r=5rg, 9107! g/cm? (this y corresponds to the previously mentioned 
concentration of helium atoms, 10!2cm~3), v= 108cm/sec, we find that a 
Wolf—Rayet star loses annually about 10-5of the solar mass. 

This result is of great significance in cosmogony. Since the masses of 
Wolf—Rayet stars are of the order of 10 solar masses, a star cannot 
remain for more than 10° years in the Wolf—Rayet stage. Now, as there 
are apparently no stars with larger masses (except the related O stars), 
we conclude that the Wolf—Rayet stars formed directly from the proto- 
stellar matter in the very recent past. 

Note that the extreme youth of Wolf—Rayet stars is also borne out by 
other data. Ambartsumyan has recently discovered a new type of star 
systems /20/, stellar associations. These systems are characterized by 
high density of stars of certain spectral types (O and B stars in O associa- 
tions, and T Tauri stars in T associations). According to Ambartsumyan's 
calculations, stellar associations are unstable, rapidly decaying forma- 
tions. Hence the conclusion that these associations formed not long ago. 
The age of the associations is a few million years. Since most of the 
Wolf— Rayet stars are found in associations, they are also young objects. 

Eq. (31) can be used to estimate the annual mass ejection of P Cygni and 
Be stars. It is found to be of the order of 10-5Mo for P Cygni stars and of 
the order of 10°°—10°® Mofor Be stars. These stars, like Wolf—Rayet 
stars, are typical members of stellar associations. 

§109. Late-type stars with bright lines. Wolf—Rayet, P Cygni and Be 
stars are not the only ones with bright lines in their spectra: some late-type 
stars, such as long-period variables, Z Andromedae stars, and others also 
show emission lines. 

The magnitude and the spectrum of the long-period variables vary with 
periods of the order of 1 year. The range of light variation is several 
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stellar magnitudes, Near the maximum, the spectrum shows bright lines 

of hydrogen and ionized iron, and near the minimum bright lines of neutral 
iron. Most of the long-period variables are of spectral type M, and of these 
nearly 80% contain bright emission lines in their spectra. 

The spectra of Z And stars are a combination of a late-type spectrum 
with absorption lines and an early-type spectrum with emission lines corre- 
sponding to atoms of high ionization potentials (e.g., Hell). The magnitude 
and the spectrum of these stars show irregular variations. Besides Z And, 
this group also includes R Aqr, V Sge, and others. 

The main question to be considered at this point is the actual reason for 
the appearance of emission lines in the spectra of these late-type cold stars. 
As we know, the emission lines in the spectra of hot stars are the result 
of the degradation of the high-frequency stellar radiation in an extended 
envelope. However, the high-frequency energy of late-type stars is too 
weak to ensure adequate emission lines through this mechanism, 

The spectra of Z And stars are generally interpreted assuming that 
these are binaries with one hot and one cold component. The light variation 
curves of the hypothetical components were actually determined. Some of 
these stars are possibly binaries, but we have no conclusive proof of this. 
The hypothesis is moreover inapplicable to long-period variables. 

An alternative hypothesis regards the late-type stars with emission 
lines as hot stars with extended envelopes of great optical thickness in the 
continuous spectrum /12/. We have seen above that for Be and Wolf—Rayet 
stars the temperatures deduced from the bright lines are substantially 
greater than the spectrophotometric temperatures. As the optical thickness 
of the envelope increases, this disparity in temperatures should increase. 

If we asSume an envelope of extremely large optical thickness (this is so if 
the density in the envelope decreases slowly with increasing distance from the 
star's center), the following physical processes become possible. The 
interior of the envelope will absorb almost all the energy emitted by the 
star, degrading it into low-frequency quanta. This produces a late-type 
continuous spectrum and emission lines whose intensity corresponds to the 
temperature of the star proper. In the outer parts of the envelope, which 
are mainly exposed to low-temperature radiation from the interior, neutral 
metals and molecular compounds are found. This skin gives the late-type 
absorption spectrum. 

The above hypothesis is on the whole borne out by observations. It is 
particularly significant that the emission lines observed in the spectra of 
long-period variables originate in deep-lying parts of the envelope, 
whereas the absorption lines form in the outer layers. This follows from 
the fact that hydrogen line emission is partly absorbed in the stellar 
atmosphere. Some of the Balmer lines are split into several components, 
which is associated with the absorption of radiation in these lines by the 
atoms of neutral metals. The spectra of Me stars reveal an unusual distri- 
bution of intensities among the Balmer lines. Shain /21/ has shown that this 
intensity distribution is associated with the absorption of hydrogen radiation 
in titanium oxide bands. The spectra of Ne and Se stars show no titanium 
oxide bands, and the Balmer decrement is quite normal there. 

The formation of emission and absorption lines at different depths in the 
envelope also follows from the different behavior of the radial velocity 
curves obtained from these lines, Note that the A-term found from emission 


5139 440 


§109. LATE-TYPE STARS 


lines is positive, being approximately equal to 15 km/sec, whereas the 
K-term determined from absorption linesiscloseto zero. This leads to 
the conclusion that gaseous matter is ejected from the long-period 
variables and that it is greatly slowed down at large distances from the 
star. The deceleration of ejected matter may account for the slow 
decrease of density in the shell. 

If the optical density of the envelope becomes extremely high, no 
emission lines will be observed. The ''normal' cold supergiants probably 
form in this way. The masses and the luminosities of M-type supergiants 
are nearly those of O and B stars. This fact alone suggests that the stars 
of these different types differ only in the structure of their envelopes. 

According to this hypothesis, Z And stars are O-type stars with enve- 
lopes in which the density decreases slowly along the radius. The optical 
thickness of these envelopes in the continuous spectrum is nevertheless 
exceedingly large. We therefore observe "combined" spectra, which are 
in fact a superposition of two spectra, that of the star and that of the 
envelope. Variation in magnitudes and spectra of these stars may be 
associated with changes in the ejection rate of stellar matter. 

In addition to the various high-luminosity stars, there are alSo some 
late-type dwarfs with emission lines in their spectra. The most remark- 
able in this group are the T Tauri variables. These are stars of spectral 
types G—M with H, Call, Fell, and other emission lines, The bright 
lines are accompanied by violet absorption satellites. Judging from the 
line profiles, we conclude that T Tau stars eject gaseous matter. 

Almost.all the known T Tauri stars occur in stellar associations (so- 
called T associations). According to Ambartsumyan, this is indicatory 
of their extremely low age. 

Recently Ambartsumyan /22/ called attention to a remarkable feature 
of T Tauri and related stars. In the epoch of light enhancement, the 
appearance and enhancement of emission lines entails the development of 
avery strong continuous spectrum, which is superimposed on the normal 
continuous speclrum with absorption lines. Since the new continuous 
spectrum attenuates all the absorption lines without producing any new ones, 
it seems to originate in the topmost layers of the stellar atmosphere. 

This conclusion is also borne out by the simultaneous appearance of emis- 
sion lines with the continuous spectrum. 

In UV Ceti stars the flare is only a few minutes long, and the luminosity 
increases by a few stellar magnitudes. This rapid and conspicuous 
increase in the star's luminosity cannot be associated with influx of energy 
transported from the stellar interior to the surface by heat conduction or 
radiative transfer. We therefore conclude that the energy radiated by the 
UV Ceti flare stars is delivered to the outer atmospheric layers by some 
hitherto unknown mechanism. 

Examination of various stars with additional emission in the continuous 
spectrum led Ambartsumyan to the conclusion that we are invariably dealing 
with ejection of some stellar matter — the source of stellar energy — from 
the interior. The stellar matter ejected from the interior apparently 
undergoes rapid decay, not unlike nuclear disintegration, and releases 
substantial quantities of energy which is eventually converted to visible 
radiation. It would seem that disintegration of stellar matter also produces 
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atoms of various elements. In this way Ambartsumyan explains the presence 
of technetium, deuterium, and other short-lived atoms in stellar atmos- 


pheres. 

Note that short-lived atoms also occur in the solar atmosphere, 
Ambartsumyan maintains that interior matter is ejected even by Sun-type 
Stars, although this phenomenon takes place on a smaller scale than in 
T Tauri and other related star. The large scale of these phenomena in 
T Tauri stars is attributed by Ambartsumyan to the early age of these 
stars. In his opinion, the ejected matter is the protostellar gas conserved 


in the stellar interior. 
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STELLAR SYSTEMS 
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Chapter XVIII 
STELLAR STATISTICS. GALACTIC STRUCTURE 


§110. Galactic concentration. Stellar statistics emerged as a science in 
the far antiquity, when Shih Sheng (fourth century B.C.) and Hipparchus 
(second century B.C.) compiled the first star catalogues. 

The initiator of modern stellar statistics was William Herschel, at the 
end of the 18th century. By counting the stars in the field of view of his 
telescope in different parts of the sky, Herschel discovered one fundamental 
fact, namely that the number of stars per unit sky area increases as one 
approaches the Milky Way. This phenomenon is known as galactic concen- 
tration. It was subsequently established that galactic concentration is a 
characteristic feature of all the objects in our Galaxy. The Milky Way 
itself is a manifestation of galactic concentration. 

Herschel correctly interpreted the galactic concentration as a result of 
oblateness of our stellar system. The plane through the celestial circle 
toward which the observed objects concentrate was identified by Herschel 
with the plane of symmetry of the stellar system. This plane is known as 
the galactic plane, and the corresponding large circle is the galactic 
equator. Stellar motions also display certain symmetry relative to the 
galactic plane; this is understandable, as stellar motions and positions 
are interrelated. 

Since the galactic plane is a plane of symmetry for both stellar positions 
and stellar motions, the coordinate system traditionally used in stellar 
astronomy adopts this plane as the reference plane, and the galactic circle 
is thus the reference circle. 

§111. Galactic coordinates. To define a galactic system of coordinates, 
we require the position of the galactic equator in the equatorial coordinate 
system. We must therefore formulate in precise terms the concept of the 
galactic equator. Its definition as the circle in the galactic plane of 
symmetry is not rigorous enough, since the distribution of various objects 
over the sky is not strictly symmetric. 

Mathematically, the problem of determining the position of the galactic 
equator can be formulated as follows: consider any great circle on the 
celestial sphere, defined by its inclination i to the celestial equator and the 
right ascension of the ascending node . Determine the angular distance 
tilimy Um) Of all galactic objects up to some given magnitude m from this 


am 
great circle. Calculate the sum G,,= )izi(in,s Xm)» Where n, is the number 
A=! 
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of all galactic objects up to magnitude m. Find the values of i, and Q,, 
which minimize the sumG,. The galactic equator is then defined as the 
great circle whose inclination and the right ascension of the ascending node 
are the limit values of j,, and §2,, aS m—-o. 

In practice the position of the galactic circle is often determined 
graphically: it is drawn through the region of maximum concentration of 
certain selected populations of objects. This approach clearly gives 
similar, but not identical results. 
Yet the galactic system of coor- 
dinates must be defined in a precise 
and unique fashion. By convention 
the following standard values of the 
inclination and the right ascension 
of the ascending node have been 
adopted: i= 62°, {= 280°. These 
values are the basis for Ohlsson's 
conversion tables from equatorial to 
galactic coordinates (Annals of the 
Observatory of Lund, No.3. 1932), 
which are in common use in stellar 
astronomy. The corresponding 
equatorial coordinates of the galac- 
tic pole are «f= 190° and //= 28° 
(epoch 1900.0). These coordinates 
were adopted as the standard by the 
International Astronomical Union 
in 1935. Later determinations, 
based mainly on radio observations, gave somewhat different results. The 
General Assembly of the International Astronomical Union in1958 therefore 
adopted anew standard system of galactic coordinates, which is defined by the 
equatorial coordinates of its poleA = 12"49", D=+27°.4 (epoch1950.0). In1961 
the Observatory of Lund published another set of conversion tables for this 
position of the galactic pole (Annals, Nos.15,16,17). The galactic system 
does not change its orientation in Space and is independent of the observation 


FIGURE 151 


epoch. 
The galactic latitude is designated +. The galactic longitude / is reckoned 


counterclockwise from the ascending node (the point of intersection of the 
celestial equator with the galactic equator where the galactic equator 
crosses from the southern to the northern celestial hemisphere, if one 
goes in the direction of increasing galactic longitudes) (Figure 151). 

The galactic and the equatorial coordinates of a star are related by the 
standard relations of spherical trigonometry: 


cos bcos! =cos(a — §2)cos6, | 
(1) 


cos )sind = sinisin6+cosisin(a— SQ) cns6, 
sin b = cos i sind — sini sin (a— 9Q) cos6, 


cosd5cos(a — 82.) =cos bcosl, 
cosdsin(a— §2)= —sinbsini--cosbcosi sin, (2) 
sind =sinbecosi+cosbsinisinl. 
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These relations are easily derived by considering the spherical triangle with 
its vertices at the celestial pole B the galactic pole P’, and the star M. To 
convert from equatorial to galactic coordinates, the former should first be 
referred to the epoch 1900.0. 

The ascending node 2) is located in the constellation of Aquilla, the 
galactic north pole in Coma Berenices, and the south pole in Sculptor. 

§112. Luminosities and absolute stellar magnitudes, Spectrum — 
luminosity diagram. The luminosity £of a star is the quantity of radiant 
energy emitted by the star in unit time. Lis generally expressed in units 
of Solar luminosity. The radiation flux AH at a given point is the quantity of 
radiant energy crossing in unit time a unit surface element at right angles 
to the direction of propagation of the radiation. Since stars are spherical 
objects, radiating uniformly in all directions, the luminosity of a star and 
the radiation flux at a given point (if the interstellar space is perfectly 
transparent) are related by the equation 


L 
where r is the distance, in parsecs, from the star. Here atmospheric 
absorption is also ignored. 

As we know, the apparent stellar magnitude m is expressed in terms of 
the luminous flux by the relation 


m= —2d5lgeH +e, (4) 


where cis a constant which determines the zero point of the scale of stellar 
magnitudes. The absolute stellar magnitude is defined as the apparent 
magnitude that the star would have at a distance of 10 pc, givenaperfectly 
transparent interstellar space and absorption-free atmosphere. Then 


M= ~25lg7 “+e. (5) 


Subtracting (4) from (5) and using (3), we get 
M=m+5—5lgr (6) 


or, if pis the stellar parallax in seconds of arc, 
M=m+5+5lgp. 


The absolute magnitude of astarisclearly independent of the observer's 
position and is thus a physical characteristic of the star. 

The difference m—M, whichin the absence of light absorption is equal 
to 5lgr—5S, is called the distance modulus, as it provides a single- 
valued indication of the distance. To convert the distance modulus to the 
actual distance, it should be corrected for light absorption. 

Another no less important physical charactieristic of stars is the spectral 
type or class, It was established by Hertzsprung in 1911 and independently 
by Russell in 1913 that the absolute magnitude of a star and its spectral 
type show a definite correlation. If the galactic stars are plotted in a dia- 
gram, laying the absolute magnitudes off the vertical axis and the spectral 
types off the horizontal axis, the result will be very much like the plot of 
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Figure 152. The position of the points in Figure 152 is according tc 
Parenago (1954), whose figures are the most reliable. 
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FIGURE 152 


The points on this diagram cluster along several distinct lines. The 
currently used system of these lines (strips) was proposed by Morgan and 
co-workers, and they are also marked on Parenago's diagram. These 
nonintersecting lines, some of which are almost parallel to the abscissa 
axis whereas others are markedly inclined, reflect the fundamental fact 
that although stars of one spectral type may have different luminosities, 
the luminosity does not assume just any value within the permissible range 
but clusters around several fixed values. Therefore, following Morgan, 
the entire group of stars around each of the discrete lines in the diagram 
is classified as a separate luminosity class; this fact is denoted by Roman 
numerals (in some cases further qualified by the Latin letters a and b), 
marked near the corresponding lines in Figure 152. 

The diagram shows that the bulk of stars fall in the diagonal strip 
(around the line marked V). This group of stars is called the main 
sequence. Above the main sequence lie three different lines marked 
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II, III, and IV. Stars falling in these parts of the diagram are respectively 
known as bright giants, normal giants, and subgiants. Previously all these 
giants were usually lumped into one, group, and the corresponding non- 
differentiated part of the diagram was called the giant branch. Above the 
giant branch lie the less luminous supergiants (Ib) and still higher are the 
most luminous supergiants (Ia). 

Some 2—2".5 below the main sequence and almost parallel to it lies 
the subdwarf sequence (VI). Further down lie the bright white dwarfs (VIIa) 
and the weak white dwarfs (VIIb). The significance of the different 
sequences is growing progressively clearer from year to year, and there- 
fore Morgan's notation assigning the Roman numeral of the sequence after 
the spectral type symbol, originally introduced in 1943, has now become 
quite popular. The different sequences are generally called luminosity 
classes. Thus, Betelgeuse is described as M2I, Arcturus as KOIII, 

Sun as G2V. 

Stars situated in the bottom right-hand part of the main sequence are 
generally called red dwarfs. In many of the currently used catalogues 
(mostly compiled before the introduction of luminosity classes), each star, 
in addition to its spectral type, is classified as a normal (red) dwarf (d), 

a white dwarf (wd), a subdwarf (sd), a subgiant (sg), a giant (g), or a 
Supergiant (c). The lower-case Latin letters given in parentheses precede 
the spectral type symbol. Thus, Betelgeuse is described as cM2, and 
Arcturus as gKO. Stars in the left-hand part of the main sequence and in 
the middle are neither dwarfs nor giants; they are described only in terms 
of their spectral type, e.g., G2 for the Sun. 

In 1947 Vorontsov-Vel'yaminov established the existence of still another 
sequence, comprising high-temperature nonstationary stars. This so-called 
white-blue sequence extends from the white supergiants to the white 
dwarfs and includes Wolf—Rayet stars, nuclei of planetary nebulae, nova- 
like variables, and novae at their minimum. 

Figure 152 shows that the most densely populated part of the spectrum — 
luninosity diagram, often called the Hertzsprung— Russel diagram, is the 
main sequence, especially in the red dwarf section. Giants and particularly 
Supergiants are muchrarer stars. The diagram shows giants from a very 
large volume of space, since these high-luminosity stars are visible over 
enormous diStances, whereas the much fainter dwarfs are counted only over 
substantially smaller distances. This is the reason why the diagram seems 
to Suggest that the giants are more numerous than the white dwarfs. In fact, 
the number of white dwarfs exceeds the number of giants by more than a 
factor of 100. 

It seems that for every 10 million main sequence stars (mainly red 
dwarfs) there are some 1,000,000 white dwarfs, 10,000 subdwarfs, 1,000 
giants, and only one supergiant. The number of subgiants is difficult to 
estimate even crudely. They are hardly more numerous than the giants, 

The spectral type and the absolute magnitude of the stars figuring in the 
spectrum —luminosity diagrams are greatly distorted by measurement 
errors. The spectra of some stars are determined with very low relia- 
bility, especially if low-dispersion spectrograms are used. The errors in 
absolute magnitude are even larger, since they are associated with errors 
in distance determination and absorption corrections. We thus naturally 
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suspect that the spread of main-sequence stars around the central line may 
be an outcome of measurement errors. Conversely, the errors may prove 
to make but a negligible contribution and the scatter of the absolute stellar 
magnitudes of main sequence starS within each spectral type is significant. 

To examine this question, Parenago plotted the spectrum — luminosity 
diagram of the nearest stars, whose trigonometric parallaxes are known 
with fair reliability and for which the absorption effect is negligible. In 
this plot, the vertical width of the main sequence strip shrank from 
2—2".5 to~l™, The residual scatter cannot be attributed to observation 
errors and is apparently significant. 

§113. Color—luminosity diagram. The determination of the color indices 
cI of stars is a simpler undertaking than the determination of their spectral 
types. Taking spectra with a slit spectrograph is a lengthy procedure which 
must be repeated for every individual star. The color indices, on the other 
hand, can be determined "wholesale," by photographing a certain area of 
the sky once in photographic light and then again in photovisual light and 
taking the difference 


CI=m,—m, (7) 


for each of the stars on the two plates. Moreover, the color index can be 
determined for much fainter stars (by several stellar magnitudes), 

Therefore, for open and globular star clusters one generally plots the 
color index vs. absolute magnitude diagram; however, since the distance 
modulus is mostly unknown, a commonly used diagram plots the color 
index against the apparent magnitude. 

The color index m,—m, is an important characteristic of a star. However, 
the color index as such does not provide much information on the properties 
of stellar raaiation. Using this parameter alone, we-cannot distinguish, 
say, between a dwarf and a giant, or between a late-type star without 
interstellar absorption and an early-type star reddened by interstellar 
absorption. 

To ensure more rational utilization of photometry, various systems of 
stellar magnitudes have been devised for different colors, i.e., stellar 

magnitudes in different spectral 
regions, defined by Suitable filters. 
A discussion of these photometric 
systems will be found in Chapter I. 
Stebbins and Whitford developed 
and applied six-color photometry. 
In 1954 Johnson and Morgan advanced 
their three-color photometry, which 
has now become highly popular. In 
this system, the stellar magnitudes 
are measured in three spectral re- 
gions, isolated by appropriate filters. 
G00. V0 00 600 WRAY Figure 153 shows the response curves 
of a photoelectric detector in Johnson 
and Morgan's three-color photometry. 
The apparent magnitude through a 
yellow filter, corrected for atmospheric absorption (to a value apparently 
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FIGURE 153 
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observed outside the atmosphere), is designated VY. This magnitude is 
virtually equivalent to the photovisual magnitude in the International System. 
The apparent magnitude through a blue filter, again corrected for atmo- 
spheric absorption, is designated 2. It incorporates a zero-point correction, 
so that a star of spectral type AOV satisfies the equality B—V=0. The 
apparent magnitude through an ultraviolet filter, corrected for atmospheric 
absorption, is designated YU. Here the zero point is also adjusted so that 

for stars of spectral type AOV, U—B= 0. 

In the Johnson— Morgan system two parameters characterize the energy 
distribution in the star's spectrum. The first, B—V, is fairly close to the 
color index (7). The second, U—B, is also a sort of a color index, which 
characterizes the energy distribution in the short-wave region. 

Johnson and Morgan picked out stars of luminosity classes III, V, and 
VII with reliable parallaxes (for trigonometric parallaxes >0"',100) and 
determined their absolute magnitudes in the color V (designated 4/,-). 
Furthermore, they postulated that stars of luminosity class V in the near 
open clusters of Pleiades and Praesepe have the same absolute magnitude 
as stars of luminosity class V and the same spectral type near the Sun. 
This enabled them to determine the distance modulus and hence the absolute 
magnitudes of the stars in these clusters. The result was a diagram 
(Figure 154) plotting the absolute magnitude against the color index for a 
number of red giants, main-Sequence stars, and white dwarfs. This dia- 
gram was adopted as the standard for future tagging and construction of 
analogous diagrams for other groups of stars. Since all the stars ofa 
given cluster have the same distance modulus, the corresponding diagram 
shows Stars of all the sequences, and not only of luminosity classesIII, V, and 


VII. 
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Comparison of this diagram with the spectrum— luminosity diagram (see 
Figure 152) reveals definite likeness in the position of the sequences III, V, 
and VII. This is a natural result, since the color index B—V is closely 
related to the spectral type. The likeness, however, is not complete. For 
example, the giants are redder than the dwarfs of the same spectral type 
(their B—V is higher), and therefore in the color—luminosity diagram the 
giant branch is somewhat displaced to the right compared to its position in 
the spectrum — luminosity diagram, 

Between sequences V and III there is a subStantial unfilled gap in the 
horizontal direction. This part of the diagrams, called the Hertzsprung— 
Russell gap, remains empty as long as we are considering stars in the 
spiral arms of the Galaxy (the neighborhood of the Sun included) or in open 
clusters, i.e., Population I stars (see §132). 

Another remarkable feature is the small spread of the luminosities of 
the main sequence stars in Figure 154. This is probably associated with 
the high accuracy of the distances to the stars in this diagram (the scatter 
due to errors in distance determination is small). The small spread in 
luminosities possibly reflects great similarity of chemical composition 
and common origin of the stars. This is again associated with the mutual 
proximity of the stars in space. 

Another standard diagram compares the B—V and U—B values of the 
nearest main-sequence stars with those of the main-Sequence Stars in the 
near open clusters Praesepe and NGC 2362 (Figure 155). This diagram 
shows that an increase in B—V on the whole entails an increase in U—B. 
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FIGURE 155 


The strip is very narrow, except at its right-hand tail, where M-type 
dwarfs are located. The substantial spread of points in this region is 
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apparently associated with the presence of strong hydrogen emission lines 
in some M dwarfs (producing high-intensity ultraviolet radiation), while in 
other M dwarfs these lines are weak or absent altogether. The inflexion 
near S—V=0 (this corresponds to spectral type A) is associated with high 
absorption of ultraviolet radiation by the hydrogen in these stars. 

Table 1 lists some data on the colors B—V and U—B of main-sequence 
stars and red giants of various spectral types (Johnson and Morgan). 


TABLE 1 
5p B-—V U—B Sp B-—V U—B Sp B-—V uU—B 
Main sequence stars 
BO V —0.32 | —1.13 | AV 0.09 +0.07 | G5V 0.68 | +0.21 
BLV —0.28 | —1.00 | ADS V 70.15 +0.09 | G8V 0.70 +0.24 
B2 VY —0.24 | —0.86 | A7V -LU,49 +0.08 } HOV] +0.82 } +0.48 
B3 V —0.20 | —0.71 | FOV 0.30 +0.02 | KiV] +0.86 | -10.54 
B5V —0.16 | —0.56 |] F2V +0.37 +0.00 | HSV} +41.01 -|-0.89 
BI V —0.13 | —0.47 | FOV +0.44 +0.00 | K5V 1.18 1.12 
B8 V —0.09 | —0.29 | FEV +0.47 —0.02 | K7V 1.37 | +1.26 
BYV —0.05 | —0.16 | F8V --0.53 +0.02 | M1 V +1.48 -++1.21 
AOV 0.00 0.00 }] GUV 4-0.60 +0.06 | MSV] --1.49 | +4.10 
ALV +0.05 | 70.05 | G2V +0.64 --0.16 | M5V{ +1.69 | +1.26 
Red giants 
G8 III +0.95 +0.72 JIf2 111 +4.16 +1.20 |KSITI] 41.52 | -|-1.84 
KO III | 1.01 | +0.86 [K3 111 +1.30 $1.44 [M2111) 44.57 b1.86 


§114. Mass—luminosity diagram. A close statistical correlation is 
observed between stellar luminosities and masses. The higher the mass, 
the higher the luminosity. The first empirical relation between these 
physical characteristics of stars was derived by Hertzsprung in 1919, 
Subsequently the mass — luminosity relation was studied by various authors, 

Figure 156 is a diagram plotting the mass against the bolometric 
magnitude, obtained in 1937 by Parenago from the data on the masses of 
hot giants, including 53 visual binaries, 14 eclipsing binaries, and 6 average 
mass values for spectroscopic binaries. Note that the mass — luminosity 
relation is determined only for the components of binary systems, as itis 
only for these stars that the mass can be found. Figure 156 reveals a very 
close relation between the two parameters. If we assume that normal 
solitary stars form and evolve just like the binary stars do, the mass— 
luminosity relation defined by Figure 156 can be extended to normal stars 
as well. Estimates of the relative mass of giants in globular clusters, 
obtained by statistical methods, show that these stars on the whole follow 
the same dependence as the binary stars do. The mass and the luminosity 
of the Sun also satisfy the same relation. 

The dependence shown in Figure 156 can be expressed by the empirical 
relation 

lgm = 0.590 — 0.1194 Mpo1, (8) 
+25 +48 


where m is the stellar mass in units of solar mass. If the luminosity is also 
expressed in units of solar luminosity, relation (8) is found to be approxi- 
mately equivalent to the equality 
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The interpretation of the mass—luminosity relation within the frame- 
work of the theory of stellar interiors is the subject of extensive literature. 
Some star types markedly deviate from relation (8). This deviation is 
particularly pronounced for white dwarfs, whose mass is comparable with 
that of the Sun, whereas their luminosity is three orders of magnitude less.* 

Small systematic deviations of an opposite sign are observed for Algol 
variables. There are indications of other deviations too. In 1950 Parenago 
and Masevich came to the conclusion that each sequence in the spectrum — 
luminosity diagram has its own characteristic mass — luminosity relation. 

For comparison we give here the mass—luminosity diagram (Figure 157) 
obtained in 1954 by Strand and Hall from the then available best data on the 
masses of binaries. In this diagram stars with erroi’ of less than 0,10 in 
the log mass are marked by dots, all the others are marked by circles. 

The three stars lying far from the common trend of all the other stars are 
white dwarfs. 

§115. Luminosity function. Consider a certain galactic volume, small 
compared to the entire Galaxy but sufficiently large to contain numerous 
stars. Let ((J/) be the fraction of stars in this volume with absolute 
magnitudes not higher than Av’. The function M(A/) is called the integral 
luminosity function. The function g(j/)=’(7)is called the differential 
luminosity function. Clearly (A/)d\J 1s the fraction of stars in a given 
volume with absolute magnitudes between 17 and W+d./. By definition, the 


lominos ity function is normalized to unity, so that lim @(M)= 1 and 
co Mos 
\ g(t = 1, 


” This function is an important characteristic of the composition of the 
local stellar population in any given part of the galaxy. Since the composi- 
tion of the stellar population is different in different parts of the Galaxy, 
the exact character of the luminosity function depends on the particular part 
of the Galaxy where this function is considered. 

Knowledge of the luminosity function for each and every point in the 
Galaxy is clearly of the utmost importance. However, in very distant 
parts of the Galaxy, only giants and supergiants are visible. Meaningful 
determination of this function is therefore necessarily confined to some 
fairly small neighborhood of the Sun. 

The main problem in the determination of the luminosity function is to 
minimize the observational selection. If, for example, we examine the list 
of all stars up to a given magnitude m, somehow estimate the distance r of 
each star, find the absolute stellar magnitudes using Eq. (6), and thus derive 
the frequency of the absolute magnitudes for this particular star sample, the 
result will be seriously distorted by observational selection. The fraction 
of giants will inevitably be greatly exaggerated, and the proportion of dwarfs 
too low. This is so because any list of Stars up to a given magnitude con- 
tains giants from a very large volume of space and only those dwarfs which 
are nearest the Sun. 

If we consider stars up to a certain distance r, the effect of observational 
selection is reduced, but nevertheless remains substantial, since the lists 
of the nearest stars are far from being complete, and numerous nearby 
dwarfs have not been discovered yet. The smaller the r we take, the more 
* In 1958, V.V. Sobolev advanced a number of arguments implying that the currently accepted luminosities 

of the white dwarfs are too low. 
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complete are the lists, but they contain fewer stars and the sample may be 
not be sufficiently representative. In particular, this sample does not 
cover the rare giants and especially the super- 
giants, which are of the greatest significance 


TABLE 2 for astrophysics and cosmogony. 
To ensure a complete coverage of dwarfs 
M oh OA) re o(M) and yet achieve a sufficiently large sample, 
Kapteyn, van Rhijn, Luyten and others pro- 
—6 0.00000043 8 0.034 ceeded from the statistical dependence 
= eocoenaae 4s eee between M, the proper motion u, and the 
—3 | 0.000019 41 0.069 apparent magnitude m. This dependence is 
io Fane e aaee attributed to the fact that stars with large 
0 0.00051 14 0.118 proper motions are inevitably nearby stars. 
5 Biones 7" Has Soviet stellar astronomers generally use 
" etd af Noe the luminosity function proposed by Parenago, 
5 | 0.024 49 | 0.020 which is a combination of van Rhijn's and 
: Manors or Sear Luyten's functions. 


Table 2 lists the values of 9(M)dM for 
dM = 1, and Figure 158 is the graph of this 
function. 

The figure and the table show that the fraction of high-luminosity stars 
is vanishingly small. The mode of the curve corresponds to stars with 
M~ 14—15, i.e., 10 magnitudes fainter than the Sun. The luminosity 
function is clearly bimodal, which implies that the entire statistical 
ensemble is divided into two subensembles — giants and dwarfs. 


pith) 
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FIGURE 158 


For absolute magnitudes over 15”, the luminosity function is highly 
uncertain. According to Shatsova, Luyten's method underestimates the 
number of weak dwarfs, since the analysis inevitably skips the dwarfs 
with small tangential velocities. The mode of the function 9(4/) is thus 
possibly much higher that 15™. 
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The fundamental parameters of the luminosity function are the 
following: 
M,=12.7  p,=661 
H,=14.8 Sk=0.711 
Hy=40.5 e©=0.017, 


where M° is the mean value of the argument, p,=o? is the variance, p, and 


ft, are the central moments of third and fourth order, Sk= mn is the skew- 
Hy 
ness, =4-3 is the excess, The above data show that the luminosity 


function is very skewed. This means that the luminosity function is far 
from normal distribution. 

The currently available data on the luminosity function are mainly con- 
fined to the neighborhood of the Sun, but they are of necessity used in the 
discussion of other parts of the Galaxy as well. This of course reduces 
the reliability of the results. 

In addition to the general luminosity function, there are luminosity 
functions for different spectral types. For example, g,4(M)dM is equal to 
the ratio of stars of spectral type A with absolute magnitudes between M 


and M+dA to the total number of stars. In this case { ea(Myam gives the 


proportion of stars of spectral type A. This luminosity function is clearly 
normalized. 

Since an almost exact single-valued relation is observed between the 
luminosity and the mass of a star, we can easily change over from the 
luminosity function to the distribution function of stellar masses. This 
gives the average stellar mass, which is found to be approximately 0,42 
solar masses,or, approximately, 8.4. 10°7g. 

§116. Apparent magnitude function. Let N(m) be the number of stars 
observed in a certain part of the sky with apparent magnitudes not exceeding 
m. N(m)is called the integral apparent magnitude function. It clearly 
depends on the size of the sky area used and the galactic coordinates of its 
center, The corresponding differential distribution function is A(m)=N‘(m). 

Special functions Ns,(m) and Na(m)can be introduced. MNa(m), for instance, 
gives the number of stars of spectral type B (in a given area of the sky) 
with apparent magnitudes not greater than m, Wy(m)dM is the number of 
stars ina given sky area with apparent magnitude not exceeding mand 
absolute magnitude lying between M and M+dM. If the luminosity function 
is constant in this direction, we have 


Ny (m) dM = N (m) 9 (M1) dM. (9) 
Similarly, 


Au (m) dM = Nyy (m) dif = A (m) 9 (41) di. 


Seeliger's theorem. If the stars are uniformly distributed in 
space, the luminosity function constant, and the interstellar space per- 
fectly transparent, then 


N (m-+z) 0.6 
~N(m) => 10 = (1 0) 
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Indeed, if we take a fixed M and a small dM, Ny(m)dM is equal to the 
number of stars of absolute magnitude between A/ and A/+dM inside a sphere 
of radius rm, such that at this distance stars of absolute magintude M have 
apparent magnitude m. Since the luminosity function is constant throughout 
the volume, stars of this magnitude are distributed uniformly, so that 


Nur (m) dM oor, gy. 
But as we know 
Tow rn, Ms 
where H,, is the radiation flux from stars at distance rn,u. Hence 
Nuys (m) dif oH”. (11) 


H,, can be found from Pogson's relation 


m= —2.5\¢H,, 
and insertion in (11) gives 
Nu (m) dM ~ 10° 8". (12) 
By (12) 
iVa; (m+) 0.6z 
Nga (13) 


For fixed M the theorem is thus clearly valid. If now 9(M)is constant, 
Eq. (10)-follows from (13) and (9), which completes our proof. Taking, in 
particular, z= 1, we get 


N(m+4) 470.6 
“Nie oe ee (14) 
Differentiation of (12) with respect to m gives 


An (m) df wo 10°". 


For the function A(m) we thus also have 


A (m+2) 0.6x 
A (m) im 10 5 (15) 


From Eqs. (14) and (15) we directly have 
Ig N (m+1)—Ig.N (m) = lg A(m+1)— Ig A(m) = 0.6. (16) 


The validity of Eq. (16), and hence the applicability of the conditions 
assumed in Seeliger's theorem, is easily verified by counting stars toa 
given magnitude. Schiaparelli and Seeliger established that Eq. (16) was 
in fact not true. In any direction and for any m, the difference 
IgN(m+1)—lgN(m) was found to be substantially less than 0.6. 

This may be due to three factors: 1) thinning out of stars with distance 
from the Sun, 2) interstellar absorption of light, 3) peculiar luminosity 
function, such that far from the Sun the proportion of low-luminosity stars 
S greater than near the Sun. 
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Seeliper, Kapteyn, and others attributed the observed result 
lg N (m+1)—lgN(m) < 0.6 (17) 


entirely to the first factor. This implied that the Sun was situated at the 
point of maximum concentration of stars, i.e., at the center of the Galaxy. 
In fact, the main factor is interstellar absorption of light, as first noted by 
W. Struve (1847). Invarious directions inthe galactic plane the stars do not 
thin out away from the Sun and inequality (17) is entirely associated with 
the effect of light absorption. 


TABLE 3 
NG o° | 0? | 20° 30° | 50° | 70° 90° Woy 
4.0 |8.4193 lest 7.989 7.870 7.744 7.689 7.655 3.44 
\ 459 459 459 464 457 461 480 

a0 | 9.652 8.576 8.448 8.334 8.201 8.150 8.445 3.44 
J 453 434 454 457 453 454 455 

6.0 | 9.107 9.030 8.902  |8.788 8.654 8.604 8.570 3.44 
1 451 449 448 454 449 445 443 

7 | 9.558 9.479 9.350 9.230 9.103 9.049 9.013 3.5! 
' 447 442 440 444 442 433 431 

nt) jes0ee 9.921 9.790 9.683 9.545 9.482 9.444 3.64 
443 436 432 434 433 420 415 

9.0 | 0.448 0.357 0.222 0.117 9.978 9.902 9.859 3.85 
439 434 424 426 417 403 398 

10.0 | 0.887 0.788 0.646 0.543 0.395 0.305 0.257 4.27 
432 424 447 414 400 385 379 

14.0 [4.319 4.242 4.063 0.957 0.795 0.690 0.636 4.82 
426 416 410 398 383 363 359 

12.0 [4.745 1.628 1.473 1.355 1,178 1.053 0.995 5.62 
418 407 395 384 360 341 336 

13.0 | 2.163 2.035 1.868 4.736 1.538 4.394 4.334 6.79 
406 398 377 361 338 321 315 

14.0 | 2.569 2.433 2.245 2.097 4.876 1.715 1.646 8.38 
390 386 357 338 313 298 294 

15.0 | 2.959 2.819 2.602 2.435 2.189 2.043 1.940 10.45 
374 372 339 314 286 274 2m 

6.0 | 3.330 3,191 2.944 2.749 2.475 2.287 2.244 43.45 
349 353 319 287 262 254! 248 

17.0 | 3.679 3.544 3.260 3.036 2.737 2.538 2.459 16.60 
329 330 299 262 238 234 224 

18.0 | 4.008 3.874 3.559 3.298 2.975 2.769 2.€83 21.43 
309 306 279 238 244 209 203 

19.0 | 4.347 4.180 3.838 3.536 3.189 2.978 2.886 26.98 
286 282 256 214 190 186 180 

20.0 | 4.603 4.462 4.094 3.750 3.379 3.164 3.086 34.43 
264 255 232 189 166 162 156 

21.0 | 4.867 4.147 4.326 3.939 3.545 3.326 3.222 44.16 
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In 1925 Seares, van Rhijn, Joyner, and Richmond published reduced 
counts of stars up to 187.5. They used the listings of various catalogues 
for different parts of the sky or selected areas. All the stellar magnitudes 
were reducedtoa single system, and the results were presented as values 
of lgN(m) averaged over 1 sq. degree at various galactic latitudes. The 
results are listed in condensed form in Table 3, which gives log star count 
up to a certain magnitude per degree for various mand b. The differences 
(in units of 1074) inscribed between the rows of the table give the values of 


lg N(m+1)—lgN (m). 


The table shows that these differences are substantially less than 0.6, 
rapidly decreasing with the increase in m. For small m, the differences 
Ig N(m+1)—lgN(m) are virtually constant for all 6, but for higher m, 

Ig N(@n-+1)—lg N(m) in high galactic latitudes decreases much faster than in 
low latitudes. Thisisunderstandable since in low galactic latitudes the 
decrease of IgN(m+1)—lgN(m) is primarily due to interstellar absorption of 
light, whereas in high latitudes the thinning out of stars away from the Sun 
also makes a substantial contribution. In this case, the variation of the 
luminosity function also plays a certain part, as the fraction of high-lumi- 
nosity stars decreases away from the galactic plane. 


The last column of Table 3 gives the ratio qe “ of the respective star 
3D 


counts per unit sky area at the galactic equator and the galactic pole. This 
ratio provides a numerical expression of the phenomenon of galactic con- 
centration. The table shows that the galactic concentration rapidly increases 
with stellar magnitude. 

The number of stars to given magnitude per unit sky area depends on the 
galactic longitude, as well as the galactic latitude. In 1928 Seares and 
Joyner published corrections to average ig N(m) values as a function of longitude 
for various m. The correctionsfor m= 18 are reproduced in condensed 
form in Table 4. The corrections are in units of 10-? to the logarithm. 


TABLE 4 
b 

i +70° 450° +a0e | 410° +0° — 10° —30° —30° ~Ty 
0° +9 +20 +5 ~30 | —118 Oo | 425 | +44 +6 

20 +10 47 7 4-16 —7 10 +10 0 -1 

40 +9 +10 0 +26 +25 10 (e) +413 -3 

60 44 4-4 —3 +4 —2 20 0 +8 -5 

80 Ea Hi —10 ~14 —20 —10 | —10 -5 —6 
100 —3 -—6 —12 ~ 24 ~27 —42 —10 —16 -8 
120 -5 —15 —20 —34 —36 —26 — 26 —21 -35 
140 —9 —147 —14 — 20 -17 —25 —30 —16 42 
160 —13 —14 —12 ~—14 —27 —27 —29 —14 +2 
180 —12 —12 —10 +10 +12 —25 —13 —10 —6 
200 -6 —10 +2 +9 +11 —4 —16 —10 —16 
220 0 0 —5 +4 47 3 -4 —11 —10 
240 +3 +3 +2 +14 +18 0 ~—10 —12 —3 
260 +6 +6 +4 +36 +70 +25 0 —10 -1 
280 +6 +8 +9 +26 +36 45 —2 0 0 
300 +6 +410 +20 | +25 +23 +50 +30 | +414 +10 
320 +6 +42 +8 +26 +42 +52 +40 +23 +11 
340 47 +414 +13 +5 } +10 | +38 | +47 | +20 +8 
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Table 4 shows that there is an excess of stars in directions close to 300— 
340° longitude (toward the galactic center) and a deficiency of stars in the 
directions toward the anticenter (100—160°). The longitudinal distribution of 
stars has a clearly pronounced simple wave. 

The variation of corrections with longitude is clearly irregular. As the 
number of Stars up to 18" reaches thousands per 1 sq. degree, this irre- 
gularity cannot be explained by natural fluctuations in stellar distribution. 

The contribution from various stellar clusters to this effect is insigni- 
ficant. It is mainly associated with differences in the distribution of 
absorbing interstellar matter. 

§117. The total number of stars in the Galaxy. Seares and van Rhijn 
have shown that for the range of m values where stellar counts are available 
the following empirical relation is satisfied: 


Ig A (m) =a+fm— ym?. (18) 


The coefficients a, §, and y are clearly functions of latitude. For example, 
the mean variation of lg A(m) in galactic zones with 4 from 0 to 20°, from 
20 to 40°, and from 40 to 90° gives the values of a, f, and y listed in 
Table 5. 


TABLE 5 
b | @ | B | v | mq | N 
0° + 207 -5 520 +0.744 +0.0128 29.1 2.84. 1010 
+ 207 + 40° -5.185 +0.704 --0.0435 26.41 0.12. 1910 
+ 40° + 90° —5.303 + 9.706 + 0.0147 24.0 0.02. 1010 


Total number of stars = 3-101 


The deviations of the average values of lg A(m} from the results of Eq.(18) 
are fairly small. It was thus suggested that the apparent magnitude func- 
tion could be written in the form 


A (m) = 10? +8m—vm? (19) 


extrapolated over the entire range. We can thus estimate the total number 
of stars in a given direction. Indeed, since the coefficient y is positive, 
(19) is a normal function. Simple algebraic manipulations will express it 
in terms of the standard parameters, i.e., the volume n, the mean value of 
the argument m,, and the variance 8?: 


8? 8 _ (a=)? 
__ 4petihm—ym2 __ at —(»-) nm _  % 207 
A (m) = 10 = 10 e Sane 
Equating 
& =M, 
1 
yin i0= oe 
at 
10 ‘Y=, 
oy 2n 
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§118. STAR DENSITY FUNCTION 


we express the normal distribution parameters in terms of the coefficients 
a, B, and y: 


My = 1 
ie 
~ VY syIni0 ” (20) 


6 
7% oie 
ae V3 in 75°10 


Eqs. (20) give the average apparent magnitude m, for all the stars ina 
given direction and the total number na of stars in 1sq. degree. Multiplying 
n by the number of square degrees in a given zone, we obtain the total 
number J of stars in the zone. The calculated values of mand N are listed 
in Table 5. The result shows that the bulk of stars are concentrated in the 
zone adjoining the galactic plane. The total number of stars in the Galaxy 
according to Seares and van Rhijn's estimates is 3- 10°". 

§118. Star density function. Determination of star density near the Sun. 

Let D(r) be the number of stars in unit volume in a given direction ata 
distance r. D(r)is called the star density function and its determination is 
one of the main problems of stellar statistics. If D(r) were known in all 
directions, we would have all the main features of galactic structure. 

Of particular significance is the determination of the star density near 
the Sun, i.e., D(O), where it can be found with maximum reliability. This 
determination should naturally be based on lists of the nearest stars. In 
1942 Kuiper published a list of stars with parallaxes 20".095, i.e., 
r<10.5pe. In 1957, Gliese extended the list of the nearest stars and 
included all the known objects with distances up to 20pc. There are 915 
objects in this list. Table 6 gives stars from Kuiper's list with .>0.166, 
i.e., r<6pc. For comparison, Table 7 lists 25 of the brightest stars. 
Comparison of the two lists shows that of the 25 brightest stars only 4 are 
among the 79 nearest Stars. This is associated with the great scatter of 
stellar luminosities — the nearest dwarfs are weaker than the far giants. 

Within a sphere of 10.5 pc the stellar density can be regarded as con- 
stant, Subject to natural fluctuations only. The density, however, cannot 
be found by simple division of the star count by the corresponding volume, 
since even the list of the nearest stars is definitely incomplete; many of 
the absolutely faint stars have not been discovered even in the immediate 
neighborhood of the Sun. To correct for this incompleteness, we divide the 
sphere of radius r= 10,5pc into four equal concentric spherical volumes 
and using Kuiper's list count the stars in each of these subvolumes. If 
both the trigonometric and the spectroscopic parallax are known, the former 
should be used as it is more accurate. The results are listed in Table 8. 
Here ris the outer radius confining this volume, r’ is the radius of the 
additional concentric spheres bisecting each volume into two equal parts, 
nis the number of stars in each volume, D* is the mean density of known 
stars in each volume. 

The table shows that D* regularly decreases from near to far volumes, 
which is understandable, since with increasing distance the proportion of 
undiscovered stars naturally becomes higher. D*(r’)can be represented* 
by a linear equation 


2y 


D*(r’)=a-+ br’. (21) 
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TABLE 7 
No, Star | a f.) | Sp ™, m,, Tac M, | Name 
1] aCMa | 6441™/ —16°35 AIV —1.43|—1.43] 2.66 41.45 | Sirius 
2 | aCar 6 22 |—52 38 Fula —0.73 | —0.58 | 110 —6.0 | Canopus 
3]aCen |14 33 |—60 25 G2V —0.27/40.39} 1.93/+4.4 
4}aBoo |14 14 {+19 42) K20IIp —0.06{+4.47} 114 —0.3 | Arcturus 
5|aLyr [18 34 |+38 41 AUV +0.04/+0.04] 8.4 [+0.5 | Vega 
6 | a Aur 5 09 |+45 54G5]11+GOI1I] +0.09]+0.89} 14 —0.7 | Capella 
7 | BOri 510 |— 819] BBla +0.45/-10.11/400  }—s8.2 | Rigel 
8 | aCMi 734 14.5 29) FSIV/V | +0.27]+0.78| 3.48] +2.7 | Procyon 
9 | a Eri 134 |—57 45 B3V +0.53| 40.37] 24 —1.5 | Achernar 
40|BCen 1/1357 }—59 53) BUuV +0.66]+10.45] 63 —3.5 
41 | aOri 5 50 |+ 7 23} M2lab 40.7 | 2.6 1450 —5.3 | Betelgeuse 
12] aAql {1946 [+ 836] A7IV, V | +0.80]/+ 1.02] 5.0 |-12.9 | Altair 
13 | a Tau 4 30 | +716 18 KSI 4+9.85(--2.37] 20 —0.6 | Aldebaran 
14] aCru {12 21 |—G62 33)  BOvV 4 0.87] =-0.63} 90 —4.0 
15] aSco |16 23 |—26 13 MilIb +0.98 | +2.78} 115 —5.2 | Antares 
16} aVir 1413 20 |—10 38 BIV +1.00; £0.77] 63 —3.1 | Spica 
17 | aPsA |22 52 |—30 09 A38V 44.16] --1.25] 6.9 |+1.95; Fomalhaut 
1S! BGem 7:39 |}+28 16) KOIII -1.16]/+2.17] 41 +41.0 | Pollux 
19 | aCyg |20 38 |444 55 A2la +4.26/-+1.35;290 |—6.2 | Deneb 
20 | BCru |12 42 |—59 09) BOIV 44.31]4 1.08] 445 4.1 
21 | aLeo |40 03 |-++12 27 B7V -+4.36/ 44.45] 24 —0.3 | Regulus 
22] e CMa 655 |—28 50} ——B2il +1.49| +1.32/140 |{—4.5 
23 | aGem 7 28 |+32 06 AIV +1.59] 44.65] 14 --0.9 | Castor 
24|ASco |17 27 |—37 02; BzIVv 4.62} +1.39] 80 —2.9 
25 | y Ori 520 |+ 6416} Baill 44.64/+1.41/100 |—3.4 


The data of Table 8 give a system of four equations for aandb. Solving 
this system by the least-squares method, we get 


a=0.120 + 6.008; b= —0.086 + 0.010, 


TABLE 8 
No. r r’ | n D* 
1 6.63] 5.26] 93 | 0.0763 
2 8.35] 7.59] 66 | 0.0541 
3 9.56] 9.00} 48 | 0.0304 
4 |10,53]10.07| 45 | 0.0569 


The small mean errors indicate that Eq. (21) is valid and the numerical 
values of aand 6are reliable; 4 characterizes the rate at which the incom- 
pleteness of our data grows with increasing distance. When the distance 
goes to zero, the data are complete so that D*(0)=D(W). But D*(0)=a, and 


hence the star density near the Sun 


D (0) =0.120 + 0.008 stars per cubic parsec. 


In 1920 Kapteyn and van Rhijn estimated the star density near the Sun 
at 0.045 stars per pe’, in 1939 Luyten found 0.103 stars per pc?. Both these 
determinations are based on the Statistical method of average parallaxes 
derived from the mean motions. Comparison of these figures with the above 
result, 0.12 stars per pc®, shows that the later determinations give a higher 
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density. This is understandable, since both the list of stars with large 
proper motions and the list of the nearest stars are constantly revised and 
enlarged. It is readily seen, however, that if the luminosity function indeed 
has a peak at W= 14—15”, the discovery of new stars should not affect the 
value of D(Q) obtained by extrapolation to zero. The situation will be diffe- 
rent, however, if g(M/)has a maximum at substantially higher M@. The 
figure D(0)= 0.12 stars/pc* is then apparently too low. 

§119. Fundamental equations of stellar statistics. Consider the stars 
observed within a solid angle ». The volume element between spheres of 
radii rand r+dr(Figure 159) is wr?dr, and the number of stars with 
apparent magnitudes between m and m+dm in this volume is 


wr? dr. D(r)-@(M) di, (22) 
where M is given by the equality 


M=m—5S5lgr +5, 
so that dM=am. 


ar, 


5 
FIGURE 159 


To find the total number of stars in a solid angle w with apparent 
magnitudes between m and m+dm, (22) should be integrated over all r. 
Cancelling dm and dM, we get 


A(m) = 0 Dir) @ (Ml) rar. (23) 
fa] 


It is assumed that g(M) is constant for all r. Eq. (23) is the fundamental 
equation of stellar statistics. It relates the apparent magnitude function 
to the luminosity function and the star density function. Since D(r) is gene- 
rally the unknown function, Eq. (23) is an integral equation. If @(/)is also 
unknown, we require another equation for these functions. 

To this end, note that the parallax of a star inside the volume element 


wr? dr is ae To find the average parallax of stars with apparent magnitudes 
between m and m+dm within the solid angle w, the parallax 4 should be 


multiplied vy the number of stars having the given parallax and the given 
apparent magnitude, i.e., multiplied by (22), integrated over r and then 
divided by the total number of stars of given apparent magnitude A(m)dm: 


odM 


7 (m) = A(m)dm 


( Dineun rdr. (24) 
3 
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Cancelling dm and df and multiplying by A(m), we get 
7 (m)-A(m) = | D(r) 9 (Mf) r dr. (25) 
0 


This is the second equation of stellar statistics. Eqs. (23) and (25) were 
derived by Schwarzschild in 1910, and are called after him. Let us reduce 
these equations to canonical form. Substituting a new variable 


e=dSlgr—5, (26) 


so that 
M=m—o. (27) 


we write in the integrals in (23) and (25) 


A (g) = 200 In 10-@-10°-*. D (40°72+4), (28) 


the result being Schwarzschild's equations in canonical form: 


+c 
A(m)= | A(e) 9(m—e) de, (29) 

— a2 
% (m) A (m)= | A (g)-10°**-*  (m—e) de. (30) 


Since M and gare independent variables and 


m=M+e, 


we can regard A(g) as the distribution function of @ and formally write 
Eq. (29) as the standard rule of probability theory for finding the distribution 
function of the sum of two independent variables. 

§120. General solution of the first equation of stellar statistics. 
Schwarzschild's exact solution of Eq. (29) is based on the following property 
of the Fourier transform, 

Consider a function f(z). Its Fourier transform is 

+co 


f* (y= | f(a) de. (31) 


The original function is similarly recovered by the inverse Fourier trans- 
formation 


an ee 
f(e)=Te i (y) dy. (32) 
Multiplying the two sides of (29) by TE efm dm we integrate from —o to+a: 
+o +00 “tee 
7 ss e874 (m) dm = rik ¥ ifm an: A(e) @(m— e) de= 
4 +00 +o 


466 
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Thus, from (31) 
A* (B) = V 2nA* (B) p* (B) 


and hence 


1 A*(B) 
ane VY 2x 9* (B)” 


Using (32), we recover A(g): 


+2 
A(e)= ae | ee Si ap, (33) 


which gives the solution of Eq. (29). Once A(g) is known, the star density 
function can be obtained from the equality 


D(r) = ag 2A ler —5). (34) 


which follows from Eqs. (26) and (28). 

§121. Approximate solution of the first equation of stellar statistics. 
The solution described in the previous section, despite all its theoretical 
advantages, is not practical as the calculations are much too complex in 
applications and require knowledge of the function A(m) for all m. 

In addition to the exact treatment, Schwarzschild proposed a Solution 
based on the assumption that A(m) and g(M) are normal distributions. He 
proved that in this case A(g)is also a normal distribution. Eq. (29) readily 
gives the parameters of this distribution. This method, however, has two 
shortcomings: 1) it gives a very crude approximation, since the luminosity 
function is essentially not normal; 2) if A(g) is a normal function, for e—>c 
it should go to zero as e—«0, namely faster than 10°°®¢, so that by (34) 
D(r)—0 for r—0. Near the Sun, however, the star density is definitely not 
zero, 

In 1936, Cramer proved the following strong theorem in probability 
theory: if A(m) is a normal function, then both g(M@) and A(e)are normal 
functions. 

Hence, as g(M)is not anormal function, A(m)is not normal either. The 
tendency to represent the apparent magnitude function by a normal distribu- 
tion over the entire range, which emerged from the work of Seares and 
van Rhijn, was thus erroneous. The estimate of the total number of stars 
in the Galaxy, based on extrapolation using a normal apparent magnitude 
distribution, isalsowrong. If the skewness of the apparent magnitude func- 
tion is taken into consideration in the extrapolation, the total number of 
stars in the Galaxy is found to be 1.5-10!?, 

Seares, Brill, and Bok developed numerical methods for the solution 
of Eq. (23). Computers have recently been applied to solve this equation. 

It should be noted, however, that the use of Eq. (23) has not led to the 
construction of reliable density functions for various directions in the 
Galaxy. This is so because 1) Eq. (23) is solved only approximately, 

2) the luminosity function is known with insufficient reliability, 3) star 
counts in small solid angles cover only few stars, so that substantial chance 
deviations from the standard luminosity function are possible, 4) to solve 
the equation, we require the absorption function (see §125), which is either 
unknown altogether or is known very approximately. 


467 


Ch. XVIII. STELLAR STATISTICS. GALACTIC STRUCTURE 


The significance of Eq. (23) is mainly in its applicability to various 
theoretical manipulations for conversion between different distribution 
functions. For directions in the plane of the Galaxy, the density function 
can be treated as constant to first approximation even over relatively smal] 
distances, so that substitution (26) reduces Eq. (23) to the form 

12 
A(m) = 200 lu 10-mD j 10°.80@ (m — 9) do, (35) 


which gives a fairly simple relation between the magnitude function and the 
luminosity function. 

§122, Light absorption. A whole range of observational results indicate 
that light is absorbed in the interstellar space. The principal results are 
the following: a) the ratio Aa eh is markedly less than 3.98 in all directions 
and it decreases with increasing »; b) far stars show a definite reddening 
compared to the nearest stars of the same spectral type; c) certain sky 
areas are highly deficient in stars, whereas nearby areas show a multitude 
of stars; d) if the interstellar space is assumed perfectly transparent and 
the apparent stellar magnitudes of stars in open clusters are used to esti- 
mate their distance moduli, which combined with the angular dimensions 
of the clusters givetheir linear size, we find that on the average the farther 
the cluster the bigger is its linear diameter. This ridiculous result does 
not obtain if interstellar absorption is introduced; e) the number of galaxies 
up to a given apparent magnitude per unit sky area rapidly decreases toward 
the plane of the Galaxy. Since we can hardly imagine that the galaxies are 
distributed symmetrically relative to the plane of our Galaxy, the immediate 
conclusion is that the observed distribution is the outcome of the presence 
of dark matter in the Galaxy; f) dark matter is also observed in other 
galaxies. 

Let us consider the effect of interstellar absorption on the apparen 
stellar magnitude. Let H be the luminous flux of a star at some distance 
r from it. When the light traverses a path length dr, the flux is attenuated. 
The flux attenuation ¢¥ is produced by two factors. One of the factors is 
the increasing distance from the star. The corresponding term is 

r? r 
Additional attenuation is caused by interstellar absorption. The corre- 
sponding term is proportional to the flux and the distance travelled: 


—kH dr. 


The coefficient k characterizes the ability of the medium to absorb light 
and is called the absorptivity, or the absorption coefficient per unit length 
of the medium, It depends on the properties of the absorbing particles and 
is proportional to the density of dark matter. 

Thus, 


a 
dH = —2H~~—kH dr, (36) 
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Dividing by 4 and integrating, we get 


A = cr-e-*-, 


The arbitrary constant c is determined by the luminosity of the star. If 
k= 0, we obtain the luminous flux without absorption 


Hy =cr"?, 
Hence 


H = Hye-*. (37) 


Here t=4ér is the optical thickness of the medium; ¢g=e~* is the transmissi- 
vity of the medium, its transparency coefficient per unit length: 


H = Hye-*" = Hye-* = Hq’. (38) 


Taking the decimal logarithm of (37), multiplying by ~2.5 and changing 
over to apparent magnitudes, we get 


m=m,+ 2.5lge-k-r=m,+ar, (39) 


where 


a= 2.5 lg ek 1.086 k. (40) 


a (like #) is generally called the absorption coefficient. It is usually cal- 
culated for 1 kpc, so that if ris in parsecs, Eq. (39) takes the form 


M— Mg = iHB - (41) 


For constant a, the attenuation of stellar brightness is proportional to 
distance. The coefficient e thus shows by how many stellar magnitudes the 
apparent magnitude of a star increases due to absorption over a distance 
of 1000 pc. 

Integrating (36), we regarded & as constant over the entire light path. 


In general, & is a function of r. In Eq. (38) then t= \ k(r)dr. Hence, 
0 
a(r) = 1.086 k(r), 


where e(r)dris the absorption, in apparent stellar magnitudes, over a 
path of length dr. The integral absorption, in apparent magnitudes, over the 
entire path is 
G(r) =m—m,= \ a(r) dr. (42) 
0 


G(r) is called the absorption functions. 

§123. Selective absorption. The absorption of light involves definite 
reddening of the star. This shows that the absorption is a function of wave- 
length. Blue light i. more readily absorbed than red light. In this case the 
absorption coefficient e c'early depends on the particular system of apparent 
Magnitudes used, whether photographic, visual, or other. 
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Let us write Eq. (42) for photographic and visual magnitudes: 


G,(r)=m,—mMoy a, (r) dr, 


G, (7) =My— Mop ay (r) dr, 


r 
Subtracting the bottom equation from the top and seeing that m,—™m, is the 
color index C/, we get 


CI —CI, = \ [a, (r) — a, (r)] ar. (43) 
0 


The left-hand side of (43), equal to the difference of the observed color 
index and the color index without absorption, characterizes the reddening. 
It is called the color excess CE of the star. The difference a,—a,—c is the 
selective absorption coefficient. If we assume that interstellar absorption 
is everywhere caused by the same substance, a,,a,, and ¢ are only functions 
of the density of that substance, being proportional to density. The ratio 


“P=, (44) 


is then independent of the density of dark matter, being constant in all 
directions and over all distances. 
The equality 
r Tt 
CEy, = \ yp-¢(r) dr= ( a, (r) dr=G, (r) (45) 
0 0 


which follows from (43) and (44) is highly significant for the determination 
of interstellar absorption. It shows that the absorption of a star's light is 
proportional to the color excess of the star multiplied by a constant factor 
y,: The color excess can be found by subtracting from the observed color 
index C/ the standard color index C/, of the corresponding spectral type 
without absorption. The constant factor y, is known fairly reliably, as it 
has been determined by numerous authors. On the average, y, is equal to5. 
An analog of Eq. (45) can be written for absorption in visual stellar 
magnitudes. 

Anyhow, if the absorption coefficient is constant, Eq. (45) takes the form 


apr 
1000 ° 


CEy, = 


The determination of light absorption from color excess is currently the 
best of the available methods. Its shortcoming is that the spectral type of 
weak stars cannot be determined with adequate reliability. Moreover, the 
stars of any given spectral type are apparently characterized by a certain, 
though small, spread of color indices. This should introduce an obvious 
error in the determination of interstellar absorption. 

The analytical dependence of the absorption coefficient at a given wave- 
length is of considerable theoretical and practical importance. There is an 
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extensive literature on this subject. It has been firmly established that in 
the visual and the photographic parts of the spectrum, the absorption is 
inversely proportional to wavelength. 

This dependence corresponds to the case of light absorption by solid 
dust particles with radii of the order of 1075em. 

§124, Interstellar absorption and relation of Mto m. Consider a star 
whose light is free from interstellar absorption. For this star we have 


m=M+5lgr—5, (46) 


Now suppose that the space between the observer and the Star is filled with 

absorbing matter. Mandrremain as before, but mchanges. Eq. (46) thus 
remains valid only if we put in the left-hand side m,— the apparent magnitude 
without absorption. But m,=m—G(r) (see (42)); therefore in the presence of 

interstellar absorption 


m=M+5lgr+G(r)—5. (47) 


Eq. (47) takes the form (46) if we introduce the so-called apparent distance 
r’, defined by 


olgr’ =Slgr+G(r). (48) 
In particular, for a homogeneous absorbing medium, 
Sigr’=Slgr+s5. (49) 


Clearly, if interstellar absorption is ignored and the absolute and 
apparent stellar magnitudes are used to find the distance from (46), the 
result is the apparent distance -r’, and not the true distance r. Since G(r) and 
a are positive, the apparent distance is always greater than the true distance. 
Neglect of absorption thus gives an overestimated result for the distance. 

If interstellar absorption is known, the true distance is found from the 
apparent distance by solving Eq. (48), whichis easily done by the method of 
Successive approximations. Table 9 gives the true and apparent distances 
for various values of a. 


TABLE 9 


The table shows that the distance can be greatly exaggerated if the inter- 
stellar absorption is ignored. We further see that the relative exaggeration 
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is greater for the distant stars than for the near ones. This is responsible 
for the apparent decrease of stellar density with increasing distance and for 
Nin+t) 

NV een) 

§125. Interstellar absorption and the fundamental equation of stellar 
statistics. The argument of the magnitude function is the apparent stellar 
magnitude augmented by interstellar absorption. Therefore, arguing as 
before and using the absorption function, we obtain the equation 


the decrease in the ratio 


A(m)=o ( r2D (r) p(M) dr, (50) 
0 


where 


M=m—5lgr—G(r)+5. 


Eq. (50) can be written in the form 
A(m)= 0 2D (r)p[m—5 lgr—G(r) +5] ar. (51) 
Q 


Suppose that we neglect the interstellar absorption and solve the equation 


w 


A (m) =o \ FD, (')-@ [m —5lgr’ +5] dr’ (52) 
0 


(the variable of integration is differently designated). Clearly the D,(r’) 
obtained by solving Eq. (52) is not the same as the D(r) obtained from Eq.(51), 
We call D,(r'}the apparent density function, to distinguish it from D(r) which 
is the true density function, 

Substituting 5 lgr+G(r)=5lgr’, we change over in (52) to a new variable 
of integration r. This gives 


a 


A(m) =o r?.109-66 (7) [1 4+-0.21n 10-rG' (r)]-D, [r- 109-26] x 
x g[m—5lgr—G (r)+5] dr. (53) 


Comparison of (51) and (53) shows that these equations coincide if we take 


D(r) = 109-66 ©) [1 4+0.21n 10-rG’ (r)]-D, [r- 109-26], (54) 


Eq. (54) expresses the true density function in terms of the apparent density 
function. 

Thus, by solving the fundamental equation of stellar statistics without 
interstellar absorption, we get the apparent density function D,(r’), If the 
absorption function G(r)is known, Eq. (54) gives the true density function. 
If, conversely, we know the true density function, Eg. (54) is a differential 
equation for G(r). Star counts thus give one of the functions Dir), G(r), if the 
other is known. 

§126. Mean absorption function. Investigation of interstellar absorption 
in various directions (e.g., from color excesses) shows that the absorption 
reaches its maximum in the plane of the Galaxy and falls off rapidly with 
increasing galactic latitude. Comparison of the color excesses of near and 
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far objects in high galactic latitudes shows that in these latitudes the absorp- 
tion remains virtually constant aboveacertaindistance. These findings indi- 
cate that the absorbing matter is concentrated inarelatively thin layer near the 
galactic plane. A similar conclusion emerges from inspection of the photo- 
graphs of other galaxies, which reveal the presence of dark maiter. 

Dynamic considerations indicate that this thin dark layer is of necessity 
inhomogeneous and does not have a Sharp boundary. If the Galaxy is 
regarded as a highly flattened system with a symmetry plane and concentra- 
tion of mass toward this plane, the distribution density of any group of 
gravitating objects should be a rapidly decreasing function of =: — the distance 
from the plane of the Galaxy. Dynamic considerations show that this distri- 
bution is represented to fair approximation by the harometric function, 

If the density of dark matter is indeed described by the barometric 
function, we can easily find the mean absorption function for a given 
galactic latitude and a given distance. Indeed, since the absorption coeffi- 
cient ais proportional to density, the barometric equation is also applicable 
toa. Ata given galactic latitude # and distance rr we thus have 


rein 


ar, Heae Raa ‘ (55) 


Multiplying (55) by dr and integrating from zero to r, we obtain the absorp- 
tion function 


ring 


G(r, bt) (i1-e (56) 


In (55) a, Stands for the value of the variable in the principal plane. From 
(56) we actually find 


Gir, O)=ayr. 
Taking r=w, b= 90°, we get 
G (co, 90°) -=a,f, 


which shows that § is the half-thickness of the homogeneous layer of dark 
matler whose density is equal to the density of dark matter in the plane of 


the Galaxy. 
Eq. (56) was derived by Parcnago, assuming distribution (55) andignoring 
possible fluctuations in the distribution of dark matter. Therefore, i we 


are dealing with a certain individual object, the interstellar absorption 1s 
best found from its color excess or by some alternative method in the cur: c¢- 
sponding direction. Eq. (56) should be applied to individual objects only if 
no other absorption data are available; remember that it only gives the 
mean absorption, definitely not the true absorption. 

The great value of Parenago's equation is in Statistical work. In this 
cese, when we are dealing with a large volume of data covering a substan- 
tial part of the sky, the significance of density fluctuations is negligible 
and Eq. (56) gives useful results. 

In conclusion of this section we give a summary of a, and a, values 
determined by various authors over the years (Tables 10 and 11), The 
values of a, obtained by Parenago, Wilkens, and Florya are markedly 
greater than the results of other authors, who in fact delermined the 
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absorption coefficient for some arbitrary range of galactic latitudes near 
the plane of the Galaxy and not for = O exactly. The result of these 
determinations is thus not a, but some average a which depends on the range 
of galactic latitudes and on the distance of the objects used. 


TABLE 10 TABLE 11 

Author Year} ay . author Year} ao Author vear| aoB 
a et 

j | e 

Trumpler | 1930]07.67 Wilkens 1915'37 2 ee etal, (eee 
Joy .| 1933] (85 McLaughlin ; 1849] 1.05 Oar” ce dod ge 31 
Bok -{ 1939] 1.0 Florya i947 13 3 Parendee: c hiddal co aA 
Eigenson .| 1939/1 .2 Deich 194711 3 ari B “ S 1946 | 0230.40 
Trum pler 1940/0 70 Vashakidze | [949 1 .u oak gt ny ’ ‘Thos3l 0 34 
Kukarkin | 1940/2 .0° Badalyan | e205 Agekyan . [4935] 0 46 
Camm «| 1944] 1.3 Agekyan 1949 1.6 Bee eee : 
Parenago -| 1940/3 .5  Niel'nikoy | emt wt 


§127. The Vashakidze —Oort method for the determination of star density. 
Let us assume at this stage that the star density and the density of dark 
matter are only functions of the distance from the plane of the Galaxy, i.e., 


D=D(z), a=a(s). 


We can now write the fundamental integral equation of stellar statistics (50) 
for a certain direction and galactic latitude 6, using a new variable of 
integration s=r sin J: 
A, (m) = wcosec® b \ 2D (s)¢[m—S5lgz+5—5lgcosecb—G(z)cosecb]dz, (57) 

0] 

where G(r)= \ a(r) dr= ( a (s) cosec bds =G(=)cosec b is the absorption in a given 
2 N 

direction to a distance = from the plane of the Galaxy, G(z) being the absorp- 
tion to distance z in the direction of the galactic pole. In Eq. (57), the 
argument mis replaced by m+5lgcosecb—G: 


A, [m+ 5 lgcosec 6+ G] = 
= wcosec* | 22D (z) [m—5lgz-+5+G—G(z) cosec b] dz. 
G 


Gis chosen so that 
\ 2D (2) [m~5lgz+5+G—G (2) cosec b] dz = { 2#D(z) 9 (m—5lg2-+5) dz. 
0 0 


Clearly Gcan be interpreted as some mean absorption to stars of magnitude 
m+d5lgcosecb. We may therefore write 


A, ([m+5 lgcosec b+ G,)] = weosec®b \ 2°D (z) 9 (m—5lgz+5) dz. (58) 
0 
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If b= 90°, Eq. (58) takes the form 


Ago [m+ Gay (m)] =a { 24D (2) @(m—5lgz+5) dz. (59) 
4 


Comparison of Eqs. (58) and (59) gives 
sin® bA,[m +5 lgcosec b + G, (m+ Ig cosec b)] = Agg [7 + Go, (r2)]. (60) 


Both sides of (60) can be found from observation. Only the determination 
of absorption involves certain difficulties. If the expressions in the left- 
and right-hand sides of (60) are indeed found to be equal to each other, this 
provides an indication of the validity of the starting assumption, namely 
that the surfaces of equal star densities are planes parallel to the plane of 
the Galaxy. 

If, however, the left-hand side of Eq. (60) shows a systematic deviation 
from A,im+G,,(m)] for various 6, the deviations provide an indication of the 
curvature of the surfaces of equal star densities and thus present a picture 
of the spatial behavior of the density function. 

The Vashakidze—Oort method, as we see, should be applied to determine 
the general variation of the density function over large-scale volumes in the 
Galaxy. It is inapplicable to study the star density in a given direction. 
This method gives best results if applied to determine the special star den- 
sity of objects of relatively high luminosity with a small spread in absolute 
magnitudes. The first property ensures penetration over large distances, 
which makes the method more effective. The second property establishes 
mas a reliable yardstick of distance; the surfaces of equal density in this 
case are determined with fair certainty. 

For small 6 the left-hand side of (60) is uncertain because of the small- 
ness of sin’ 6 and the large value of the second factor. The Vashakidze — 
Oort method is generally limited to 6 above 25°. 

§128. The significance of dark nebulae in interstellar absorption. In 
low galactic latitudes, which on the whole show high star densities, certain 
regions are anomalously deficient in stars. Originally these were regarded 
as actual voids in the Galaxy. Eventually it was established, however, that 
the observed deficiency of stars in certain direction is an apparent effect, 
associated with peculiar distribution of dark matter at large distances from 
the Sun: it obscures the light of more distant stars and actually renders 
many of them invisible. This conclusion emerged from the following 
arguments: a) because of differential galactic rotation, extended star-free 
corridors cannot persist in the Galaxy for a long time; b) the dark sky 
areas also show a low count of extragalactic nebulae; c) in the dark sky 
areas, the color excess of stars at distances of 160—260pc, which lie 
beyond the dark clouds, is greater than in sky areas with normal star 
density. For more distant stars the difference inthe color excess vanishes, 
since the dense sky areas may also have distant dark nebulae which cause 
reddening of the far stars but do not affect the total count of stars in the 
given direction. 

M. Wolf proposed a method for studying the fundamental characteristics 
of dark nebulae based on comparison of the integral magnitude function in 
adjoining dark and normal sky areas. It is assumed that the observed 
differences in N(m) are accounted for by an absorbing nebula in the dark area. 
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The plots of lg.Vim) (for the light sky area) and leVym) (for the dark area) 
cenera!ly look like the curves in Figure 160. 


lgWin: 


lg Mm) 


A) 


Paper oaporsaritide am, the two curves almost coincide. It seems 


Dos the slate thes auparent magnitudes in the dark area lie on the near 
sade of tre aed oud tie effect of the absorbing matter is therefore not 
ho. Stratus wath openninides aw, the curves gradually diverge, since the 
ov tootah or. tban he Yon) is slaved down. This indicates that the effect 
thot. has hee ane noucesble, The nebula thus begins at the 


Tht COPPesOniding to the avecrege distance of stars of apparent magnitude 
see the peerage distance rim) for stars of magnitude m, at a given 
latitude ¢5 Kiiown,’ we can lind the distance where the nebula begins. 


Yeobouitom om, the two cucves fave reached maximum separation, and 
afte. oti.d the. are practically parallel. The nebula thus ends at the dis- 
yor orm. The difference run)--r(m,) clearly gives the line-of-sight extent 
ai toe tehula. The horizontal distance between the parallel sections of the 
veetge rves gives the total absorption Am in the dark nebula. Indeed, we 
Rey Tae Neg Vite Nid, whieh is as if should be if the absorption in the 
“ myeoine coy the stars this side of the nebula should distort this 
refe . ta. Pert the gest stars are too few to produce a noticeable effect). 

She Noi diaerany can also be plotted laying j¢A(m) off the vertical axis, 
whee. duets the number of stars with apparent magnitudes between 
ape .m-+ 1/2. The argument in this case is precisely as before. 

‘urtin eo dexsclopment of Wolf's method calls for Star counts in various 
speooral regions. An excellent example is previded by Franklin's study 
of © + dark nebula in Cygnus. Star counts were made in photographic light 


up 17".5(P- 17.5) and in red light up to 16".5 (#W< 16.5) in a normal area 
am ntwo adjoining dark areas. The diagrams are shown in Figure 161. 
Tiw + distinctly illustrate the effect of the clark nebula. From these graphs 
Freosklin estimated the distance of the dark nebula (1600 pc) and obtained 
Q.--i for the ratio of absorption in red light to absorption in photographic 
ligse. The diagram shows that in one of the dark areas the absorption in 
phfographie hght is 1,.0—1".2, and in the other it is 1.8—2” 0, 


‘he average distiace of stars of a given magnitude is best determined by kinematic methods. 
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FIGURE 161 


Application of the Wolf method has shown that it systematically gives too 
high results for the line-of-sight extent of the dark nebulae, The transverse 
linear dimensions of the nebulae, determined from their distance and the 
observed angular size, are generally one order of magnitude less than the 
line of sight extent. This result, if true, indicates that the dark nebulae 
are highly elongated formations aimed directly at the observer, which of 
course cannot be so. 

Ogorodnikov has shown that a fundamental shortcoming of the Wolf 
method, which greatly distorts the characteristics of the nebulae, is the 
neglect of the spread in absolute stellar magnitudes. Indeed, the apparent 
magnitudes of stars inside the dark nebula need not all lie in the range 
between m,and m,: other magnitudes are also possible. The section where 
the two curves diverge is therefore exaggerated, and this inevitably gives 
too high results for the line-of-sight extent of the nebula. 

Ogorodnikov modified Wolf's method and took into consideration the 
variance of the luminosity function. This eliminated the systematic 
distortion. However, random fluctuations in the distribution of bright stars 
nevertheless make the improved Wolf method somewhat uncertain for the 
determination of distances and linear dimensions of individual dark nebulae. 

The total absorption Am obtained by the Wolf method, on the other hand, 
is highly reliable, since it is determined from the curve sections in the 
range of high stellar magnitudes, where the effect of random fluctuations 
is insignificant. The total absorption of dark nebulae determined in this 
way was found to be quite substantial, over 1" and sometimes even over 
2™,. It should be kept in mind, however, that only the darkest sky areas 
containing the bulkiest dark nebulae were investigated, These dark nebulae 
Standing out prominently against the stellar background are known as 
"coal sacks." 
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Before the 1940's it was assumed that the dark matter filled a continuous 
region near the plane of the Galaxy and additionally collected in isolated, 
relatively few but extended and dense nebulae — coal sacks. Subsequently, 
however, our notions of the small-scale structure of dark matter have 
changed. 

In 1938 Ambartsumyan and Gordeladze investigated the relation of 
bright diffuse nebulae to their exciting stars. Let A be the distance 
from the nebula to its exciting star, and L the luminosity of the star. If 
the nebula reflects the entire incident luminous flux, the energy per cm? 
of the star surface reaching the star in unit time from one square minute of the 
nebular surface as viewed from the star is 


L 1 


H = ay Gane - 


(61) 
Here 3438 is the number of angular minutes in one radian. 

As we know, the surface brightness of extended objects is independent 
of distance, and therefore the quantity of energy per cm? of the Earth's 
surface reaching it from one square minute of the surface of the nebula as 
viewed from the Earth is also given by (61). Taking the logarithm of (61), 
multiplying by —2.5 and seeing that the absolute magnitude of a star is 


M=—25lg,4,, 


we find 
m, =M+5lgR+ 15.43, (62) 


where m, is the apparent magnitude of 1 sq. minute of the nebula. 

Bright nebulae were counted with the 60-in. Mount Wilson reflector 
with 1 hr exposures. This gave a limiting m, of 14".36. Substituting this 
value for m, and solving Eq. (62) for R, we obtain for a given M the 
maximum distance of the exciting star from the nebula for which the nebula 
just shows in the photographs: 


Ry, =0.6)1- 10-09-27, 


The illumination produced by the star is thus sufficient to make the diffuse 
nebulae visible within the volume 


u(M) =< nR3 = 0.955-10-0-6, (63) 


To determine the fractional volume of the Galaxy which is sufficiently 
illuminated by stars of a given spectral type, we should multiply u(M) by 
the number of stars of this spectral type with absolute magnitudes between 
M and M+dM in 1 pc? and integrate over all M: 

+o 
Psp= 0.955Dsy | 10-9-64@. (M) dM, (64) 


Here qs, (M) is clearly a normalized function (see end of §143). 


To calculate Ps, from Eq. (64) we require Ds, and 9s,, which however 
are insufficiently known. Therefore, in evaluating the right-hand side 
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of (64), we had better use the fundamental equation of stellar statistics 
written for stars of a given spectral type: 


Asp (m) = 0 7*Dsp (7) Psp (4M) dr. (65) 
0 


If we count only the bright stars (which are on the average the closest to 
the Sun), wecanfirst neglect interstellar absorption and second take the 
partial star density constant. In this case, changing over to a new variable 
of integration 


M=m—Slgr+5, 
we obtain 


+o 
Asp (m) = 200 In 100D5,109-8™ \ 10-08 pe. (M) dM. (66) 


—-@_ 


Dividing (64) through by (66), solving the resulting equation for Ps), and 
calculating the numerical coefficient, we get 


Psp = 0.00207 + Asp (m) 10-0-6™, (67) 


From Eq. (67) we readily find P,,. Using the stars with apparent magnitudes 

from 2.0 to 5.0 in Schlesinger's catalogue of bright stars, Ambartsumyan 
derived the Psp values of various 
spectral types (Table 12). 


TABLE 12 The number of diffuse nebulae for 


Spectrum Ps Expected | Actual which the spectra of the exciting stars 
Ls number | number . ; 
have been determined is currently 234. 
The third colum of Table 12 gives the 
0 0.00002 44 47 . 
BO 0.00002 it 23 expected number of diffuse nebulae 
eae neta 3 ee illuminated by stars of each spectral 
F 0.00005 27 6 type, calculated assuming strict pro- 
¢ Or GNBBAG a - portionality to the volume illuminated 
M 0.000005 2 2 by stars of each spectral type. The 


fourth column gives the true number 
Total . . .| 0.00043 | 234 | 234 of nebulae illuminated by stars of each 
spectral type, according to Cederblad. 
Comparison of third and fourth 
column reveals a definite correlation between the volume illuminated by 
stars of each spectral type and the number of diffuse nebulae illuminated 
by these stars. The assumption of random encounters between stars and 
diffuse nebulae is thus on the whole valid. Onthe other hand, the number 
of observed diffuse nebulae is clearly higher than the expected number of 
nebulae for stars of spectral types O and BO and, conversely, there is a 
distinct deficiency of diffuse nebulae for stars of types F,G, and K. This 
effect can be due to two reasons. The first is that diffuse nebulae contain 
hydrogen, which typically degrades short-wave radiation into visible 
radiation. As a result, the brightness of diffuse nebulae illuminated by 
hot O and BO stars, which are powerful sources of short-wave radiation, 
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is greatly enhanced, and the volume of space effectively illuminated by 
these stars is in fact greater than that calculated from Eq. (67). Moreover, 
recent investigations of hot giants and diffuse nebulae point to a possible 
genetic relationship between them. In this case, analysis of the tabulated 
data suggests that for stars of types B1—B9 and A the relationship with 
diffuse nebulae is relatively weak, though definitely felt, whereas for later 
type stars no relationship is observed altogether. 

The sum of all Ps, shows that only 1/2300 of space is sufficiently illumi- 
nated to make the diffuse nebulae visible. Therefore, the established fact 
of random encounters between diffuse nebulae and stars shows that the 
number of unilluminated, i.e., dark, nebulae should be a factor of 2300 
greater than the number of luminous nebulae. Photographs taken with 1-hr 
exposure through the 60-in. Mount Wilson reflector reveal a total of 250 
luminous nebulae in a cylindrical layer of about 1500 pe radius with its axis 
directed through the Sun at right angles to the plane of the Galaxy. The 
same cylindrical layer should therefore contain 250X 2300 © 580,000 dark 
nebulae. Since the radius of the Galaxy is approximately nine times the 
radius of this cylindrical layer, the total number of dark nebulae in the 
Galaxy is roughly 5.8- 10°. 92 *5.107, This figure should be reduced by a 
certain factor if we consider the fluorescence of gas in the nebulae and the 
presence of a genetic relationship between the nebulae and hot giants. 
Nevertheless, the number of dark nebulae in the Galaxy is over 107, This 
result first led Ambartsumyan to the conclusion that the absorption of light 
in the Galaxy is mainly caused by a multitude of individual dark nebulae. 
This important conclusion was subsequently confirmed by numerous inves- 
tigators. 

§129. Theory of field brightness fluctuations, The conclusion concerning 
the patchy, discrete structure of the absorbing intersteller medium was the 
first step in the development of Ambartsumyan's theory of fluctuations in the 
apparent distribution of galaxies and the Milky Way brightness. Markaryan, 
Rusakov, Agekyan, Chandrasekhar, Munch, and many others contributed to 
this theory. In the present section we will discuss in a somewhat more 
general form the fundamental concepts of Ambartsumyan's theory. As we 
have already noted, certain sky areas show distinct deficiency of stars. 
However, if we ignore these special areas and consider only normal sky 
areas at the same latitude, they also reveal marked fluctuations in the num- 
ber of stars to any given magnitude. Thus, according to Markaryan, the 
relative mean square fluctuation in the number of stars to a given 
magnitude. 


2 _N?(m)—N (mr 


N (m)? 


(68) 


takes on different values at different galactic latitudes, as listed in Table 13. 


TABLE 13 


from4 5 to or] 0.116 0.115 0.001 
from+ 8 to +11°| 0.079 0.078 0.001 
from + 28° to £327} 0.027 0.023 0 
from 38° to £43°| 0.027 0.019 0 
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Under oj the table gives the corresponding mean square fluctuation in the 
surface brightness of the stellar sky. If the surface brightness of the sky 
is entirely attributed to the individual stars, it can be found from the 
expression 


ey) [V(m+5)-N(m-$) | 10-0-4m = ¢ 3) A(m)10-0-4m, (69) 


Here c:10°°4™, as we know, is the brightness of a star; e depends on the 
units of measurement and clearly drops out in the calculation of of. Formal- 
ly, to find J, we require star counts in the entire range of m values. How- 
ever, as m increases by unity, 107°-*"drops a factor of 2.5, whereas for 
m?12, as we see from Table 3, A(m) increases by less than a factor of 2.5 
(even at O° galactic latitude) and its rate if increase substantially slows 

down for higher magnitudes. At high galactic latitudes, A(m) increases 

even at a slower rate. Therefore, stars up to 18™ (the limit in Table 12) 
determine most of the surface brightness of the stellar sky. 

Table 12 shows that the mean square fluctuations in star count and 
surface birghtness are correlated (this is natural, since the surface 
brightness is determined by the number of stars) and increase at lower 8. 

The observed fluctuations may be due to the following reasons: a)natural 
fluctuations in the spatial distribution of stars; b) physical grouping of stars 
into clusters, associations, etc.; c) errors in stellar magnitude determina- 
tions; d) fluctuations in interstellar absorption. 

The natural relative mean square fluctuation is given by 


ee | 
°nat~ Wom) : 
It will therefore decrease with decreasing b, since N(m) increases in this 
direction. This conclusion is clearly at variance with the observed trend. 
Moreover, the data under eee in the table show that the natural fluctuations 
in star counts are too small. 

The clustering effect cannot be subStantial, since the clusters incorpo- 
rate a small minority of stars. The great majority of stars are the galactic 
field stars. The role of stellar associations is apparently more significant, 
since, though few in number, they contain high-luminosity stars. However, 
the number of stars in each association is small and they should therefore 
make a greater contribution to total sky brightness fluctuations than to star 
count fluctuations. 

Markaryan's study has shown that fluctuations due to errors in the 
limiting magnitudes m are also negligible compared to the observed fluc- 
tuations. His analysis thus apparently confirms Ambartsumyan's result, 
namely that the fluctuation in the observed number of stars is mainly due to 
dark clouds. 

Let us consider a general problem that can be applied to study fluctua- 
tions in the distribution of various objects. 

Suppose a certain field is made up of luminous matter and absorbing 
(dark) matter. Both kinds of matter continuously fill the entire space 
according to a certain density distribution law and, furthermore, they 
collect into distinct agglomerations which are also distributed according 
to a certain law with natural fluctuations. 
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Consider an arbitrary direction S. The distance from the origin to some 
point A in this direction is s. 

Let y(s) be the radiation from a unit volume of the continuously distri- 
buted luminous matter in unit solid angle, t(s) the optical thickness of the 
continuous dark matter per unit distance, x(s) the probability of encountering 
a dark cloud per unit distance, A(s) the probability of encountering a bright 
cloud per unit distance, g (7) the normalized distribution function of the 
transparency coefficients of the dark clouds, & the radiation in unit solid 
angle from a cylinder of unit cross section with axis in the direction § ina 
bright cloud, x(&) the corresponding normalized distribution function. 

Let w(z,s)be the probability to oberve from point Ain the direction Sa 
surface field brightness not exceeding z. Let us also consider a point Pin 
the direction S, distant s+As from the origin (Figure 162). As is regarded 
as a small increment. 


a & SMS 

-—_——_———— 
A B 

FIGURE 162 


Let us establish the conditions at the point Band over the segment As 
such that the field brightness observed from the point dA in the direction S 
does not exceed z. This will be so when one of the following three mutually 
exclusive events occurs. 

The first event is that the brightness observed from the point #in the 
direction Sis at most z+z1 As—nAs (the corresponding probability being 
w(xt+zrtAs—n As, s+As)), and the segment As is equally free from dark and 
luminous condensations, Then the continuously distributed dark matter 
over the segment As will reduce the radiation intensity by zrAs, the 
continuously distributed luminous matter will increase the intensity by 
nds, so that the observed brightness at the point A will not exceed +, The 
probability that the segment As is free from any luminous and dark conden- 
sations is (1—~xAs)({—A As) =1—x As—AAs+0(As), where O(As) is of second order 
of smallness relative to As and is ignored in what follows. According to 
the multiplication theorem, the probability of the first event is therefore 


p(r+actAs—nAs, s+As)(1—xAs—AAs). (70) 


The second event is that the brightness observed from & does not exceed 
z/q and the segment Asis occupied by a dark cloud with a transparency 
coefficient g. The probability of this event is 


t 
ds \p(=,stds)e(gd , (71) 
0 


where we multiplied by 9(q)dg and integrated over g so as to account for dark 
clouds of all possible transparency coefficients. Note that in calculating 
the probability of the second event, we ignored the effect of the continuous 
distribution of luminous and dark matter. This is so because (71) is itself 
of the first order of smallness in As and the introduction of the increments 
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ztAs—nAs in the argument of p to allow for the effect of the continuous dis- 
tribution will make a second order contribution, which is ignorable. 

The third event is that the brightness observed at the point A does not 
exceed z—£, and the segment As is occupied by a luminous condensation with 
emission£. The probability of this event, allowing for all possible —, is 


ao p(z—E, s+As) x (E) dé, (72) 


and the lower limit is chosen from the consideration that the brightness z—£ 
must not be negative. 

The probability of obtaining a brightness not exceeding z at the point A 
with two or more condensations of any kind along As is ignored, since the 
probability of these events is of second and higher order of smallness in As. 

Since the first, the second, and the third event are mutually exclusive, 
p(z, s) according to the addition theorem is equal to the sum of the 
probabilities (70),(71), and (72): 


wy(z+z2tAs— As, s+As)(1—xAs—A As) + 


i o 
+xbs( w(Z, stds) o(aydg+rds | pie—k, s+ As)x(f)db=H(z, 5). (73) 
0 & 


Expanding (z-+-2r1As—nAs, s+As) in a Taylor series in powers of the first 
argument, we transfer the term w(z, s) to the right-hand side of the equation, 
divide the two sides by As, and allow As to go to zero. In the limit, we get 


OU) _ (+ A)ap(z, 8) (zt — 0) Pelz, 8) + 
i co 
+x lw (2. s)oagta( ves, 5)x(8)db=0. (74) 
0 & 


Equation (74) is the fundamental equation of the theory of fluctuations. 
Differentiating (74) with respect to zr, we change over to the differential 
distribution function f(z, s)=x(z, s): 


OE) _ (4a) f(z, 8) + [(et—m) f(z, 8) z+ 


+0) #(£.0) Le cadeg ay Heb, yet) dk =0. (75) 
0 5 


Multiplying (75) by z"dz we integrate over zr from zero tom. Let p,(s) be 
the initial moment of n-th order of the function f(z, s): 


oo 


Ba (s)= § "F(z, 5) dz. (76) 
0 


Then, seeing that for z—o, f(z,s) should go to zero faster than any power 
of l/r, we get 


w 


\ 2" (2x —n) f(a 8)V' dz = 2*(zt—n) f(z, 8) [> —n | 2 * (2x —n) f(z, 8) dz = —ntp, +7 NHaa» 
0 0 
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wo 


f(z—-B, 8) x(@)db=) xd | e+e" s(e, s)dr= 
0 0 


= {x06 as | Dy Casta V(x, 8) de =D) CH Ben = Bat Dy CHE Ba as 
u 0 


k=0 k=0 hes t 
and Eq. (75) takes the form 


d Th ‘ ch 
He [n(1—gi) tnt] patra, tA >) Chey, =0. (77) 
k= 


Here q® is the mean value of the transparency coefficient raised to the n-th 
power, and £* is the mean value of £ raised to the k-th power, 

Eq. (77) is the general equation of the theory of fluctuations expressed 
in moments, This equation is useful for the solution of various particular 
problems. 

§130. Surface brightness fluctuations of the Galaxy. To apply Eq. (77) 
to the distribution of the galactic component of the surface sky brightness, 
we should establish which of the two properties — continuity or discrete- 
ness — predominates in the structure of luminous and dark matter in the 
Galaxy. For the dark matter the corresponding estimate was derived in 
§124. It seems that the dark matter (dust) in the Galaxy occurs mainly in 
the form of isolated clouds, and the continuous substrate of dark matter is 
of negligible significance. In our case t(s)= 0 and x(s) >0. 

The luminous matter in the Galaxy are the stars. Although the stars 
are discrete objects, we must remember that the space between two neigh- 
boring dust clouds is on the average occupied by a very large number of 
stars. In this contextstars shouldtherefore be regarded as continuously 
distributed. If a substantial proportion of stars were found in stellar 
clusters, which occur at distances comparable with the distances between 
dark clouds, we would regard the luminous matter in the Galaxy as 
collected into discrete condensations. Only a small minority of stars occur 
in stellar clusters, and we may therefore take n(s) > 0 and A(s)= 0. 

For the surface brightness of the Galaxy, Eq. (77) is thus written in the 


simplified form 


qn an 
a —*({—q")p, +rnp,., = 0. (78) 


Eq. (78) is a linear differential equation for p(s). Its solution is 


By = ne(t-a") J ide { nine 5 Ody. (79) 
where the arbitrary constant is determined from the boundary condition 


z= 0 fors=m, so that p,= 0. 
Since p,= 1, the recursive formula (79) in principle can be used to 


calculate the moments up, for any n(s)and x (s). 
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Consider a particular case when n(s) and x(s) differ only by a constant 
factor kh: 


7 (s) = hx (s). (80) 


If we remember that the bulk of the luminous matter in the Galaxy are 
stars, whose concentration toward the galactic plane is comparable with 
the concentration of the dark matter, we See that condition (80) is not far 
from the truth. 

Writing (80) for n= 1 and seeing that »,= 1, we get 


nail! { xt as ( n(x) e7 ttn) J x eras 9, (81) 


and integration gives 


I —tt-q) J « (x) da 


Hepa =“ : l. (82) 


Similarly, p, is integrated by inserting (82) in (79), and so on for any xn. 
By induction, we get 
i (syentay MOAT, a 


Cee 
7-U 


: (83) 


We ure interested in the case when the observer is situated at the point 
s= 6, Thus, 


" - = lay Sway ds 


n,(0) nthe ™ jie ae 0 : (84) 


olla wa 
, 0 


If x is only a function of the distance |rom the plane of the Galaxy, we have 
irrespective of the particular form of this function 


( 2 (>) ds = Scosec b, (85) 
0 


where $ is the expectation value of the number of dark clouds in the direction 
to the galactic pole, J is the galactic latitude. 
In this case, for instance, Eq. (84) gives for the first two moments 


yw, (VU) = eee) — e- (=m) Bcusee b), 
1~g 


pH, (0) —_ 2h [ ae oe + 21g 1-0 tecosee b + (86) 
‘ (4 -—q)(l - 4?) (y —1)(¢—4?) 
1 - 
1 et cose | . 
"a @—1) 
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If all the clouds have the same transparency q, Eqs. (86) take the form 


hk 
B, (O)= -— [1 —e—U~-o Ceosec b), 
h ; (87) 
q (1+) 


1 
= |] LS ll - b 
pb, (0) = faye line (1a) § cose by 


e~(i—a?) € cosec >). 
Eqs. (86) take on a particularly simple form for directions in the galactic 
plane, namely for b= 0: 


1—q 
Qh? (88) 


pa) (ta) 

If we use observational data to calculate p,(0) and p,(0) for various 4, 
Eqs. (87) provide two redundant systems of equations which are solved 
for q,¢, and h. 

The average absorption in a single dark nebula Am= —2.5 lgg, deter- 
mined by various authors from brightness fluctuations of the Galaxy and 
the Metagalaxy (see §187), was found to be 0.20—0".30, and the expectation 
value ¢ of the number of dark clouds in the direction to the galactic poles 
was found to range between I and 1.5. 

The relative mean square brightness fluctuation is expressed in terms 
of the moments by 


2 


6? = He-—Hi 
HE 


Using Eqs.(87)the reader will now easily prove that o*? should increase 
with decreasing b. This is consistent with the data of Table 13 and shows 
that the dark clouds are indeed the dominant factor in shaping the brightness 
fluctuations of the Galaxy. 

§131. Main features of galactic structure. To first approximation the 
Galaxy may be described as a flattened ellipsoid of revolution. This model 
is justified by the variation of the function N(m) with galactic latitude and 
longitude, by dynamic considerations and galactic rotation data, and by 
observations of the shape of other galaxies with stellar populations not 
unlike our Galaxy. 

The plane of symmetry of this ellipsoid, the galactic plane, is inclined 
at an angle of about 62° to the plane of the celestial equator, and the longi- 
tude of the ascending node is ~ 280° (see §111). 

The direction to the center of the Galaxy can be found by several 
methods. 1) Investigation of the density function. The direction in which 
the star density increases fastest with increasing distance is close to the 
direction to the galactic center. This follows from the dynamic theory of 
rotating stellar systems, according to which the star density monotonically 
decreases with increasing galactocentric cylindrical coordinates R and Z. 
2) Determination of the geometrical center of the system of globular clus- 
ters. The center of inertia of the system of globular clusters, which has 
approximately the same size as the Galaxy and is definitely a part of the 
Galaxy, is apparently close to the center of inertia of the Galaxy. 3) Deter- 
mination of the kinematic center of rotation of the Galaxy from studies of 
star motion and motion of other galactic objects. 4) Photographs of the 
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central parts of the Galaxy taken in 1949 by Kalinyak, Krasovskii, and 
Nikonov at 9800 4 using an electron-optical image converter and investi- 
gation of the brightness distribution at 10,300 A near the central parts of the 
the Galaxy carried out by Stebbins and Whitford in 1947. 5) Radio obser- 
vations at 21.1cm wavelength of the motion of neutral interstellar hydrogen. 
6) Radio observations of the distribution of ionized hydrogen at various 
wavelengths, 

The results of these different methods show a good fit with one another, 
as we see from Table 14, originally compiled by Oort and subsequently 
supplemented with new data. 


TABLE 14 


Method of determination 


324" 4 5° 


Star counts in moderate and high latitudes... 


Globular clusters (Shapley), . 2... +e eeeee 325° 43 
Planetary nebulae (Minkowski) .....2-266 328°: 3 
Infrared radiation (Stebbins, Whirford) ..... 326° 4 2 
Differential rotation (various determinations) , 325 +1 
Velocities of fast objects... 1. et te 323 +4 
100 MHz radio waves (Bolton, Westfold).... $29 +1 
200 MHz radio waves (Allen, Gum)....... 325 + 1 
22cm and 75cm radio waves (Westerhout).,. 327.5 + (0.5) 
21.2cm radio waves (Kwee, Muller, 

Westerhout) .......0+2 er eer erreee 327.5 + (0,5) 


The weighted average of these determinations is close to 327° and shows 
good agreement with the results of infrared and radio observations, which 
are the most accurate. It should be remembered that the radio emission 
of the Galaxy gives the center of distribution of interstellar gas. Since the 
mass of the interstellar gas is only about 0.02 of the entire galactic mass, 
the center of inertia of the interstellar gas need not coincide with the 
galactic center of inertia. 

According to radio observations at 21.1cm wavelength, the center of the 
Galaxy is located at galactic latitude -1°.5, radio observations at 22 and 
75cm give latitude of —1°.1., 

It thus Seems that the center of the Galaxy has the coordinates /= 327° 
and b= -1°.3, 

The distance to the center of the Galaxy is determined primarily as the 
distance to the geometrical center of the system of globular clusters. 
Interstellar absorption must be carefully taken into consideration, as well 
as the selection effect associated with the fact that some globular clusters 
possibly lie on the other side of the galactic center and have not yet been 
discovered. These effects are of no significance when we are concerned 
with the general direction to the galactic center, but they may markedly 
distort the distance. Shapley, who first determined the distance of the 
galactic center from the distribution of globular clusters when the inter- 
stellar absorption was not known, obtained a result double the true figure. 
Selection and incompleteness of the list of globular clusters conversely 
reduces the distance to the galactic center. 
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Another method of distance determination is kinematic. The distribution 
of the proper motions of stars gives the angular velocity w of the revolution 
of the Sun around the center of the Galaxy. From the radial velocities of 
the near galaxies we thenfind the velocity a of the Sun relative to the system 
of the near galaxies. If we assume that this velocity is largely due to the 
motion of the Sun in the Galaxy, and the residual velocity of the Galaxy 
itself is ignored, the ratio 

BD 
ad 
gives the distance #t to the center of the Galaxy in kilometers (vis in 
km/sec, » in radians per sec). 

Roth methods give close results. The distance to the center of the galaxy 
is approximately 7500 pc. 

To determine the major radius of the Galaxy, we require the distance to 
its rim in the direction of the anticenter, as well as the diStance of the 
galactic center. The galactic rim, however, is not perfectly sharp. The 
outer boundary can be determined, say, as the locus of points where the 
stellar density is equal to the star density in the intergalactic space. Since 
encounters with other stars sometimes impart critical velocities to certain 
stars, which consequently escape from the galaxies, the stellar density in 
the intergalactic space is definitely not zero. 

The dynamic boundary of the Galaxy is regarded as the curve where a 
Star has a probability of 1 of being detached from the Galaxy during one 
galactic revolution due to random encounters with other galaxies, 

In practice, the boundary of the Galaxy is inferred from the distances 
of the farthest high-luminosity objects. Thus, some open clusters and 
planetary nebulae in the region of the galactic anticenter lie at a distance 
of about 4000pc. Long-period cepheids in the same direction are found at 
distances of up to 6000pc. If the last figure, 6000pc, is adopted as the 
distance to the rim of the Galaxy in the direction of the anticenter, the 
diameter of the Galaxy is (7500+ 6000) X 2 = 27,000 pc. 

To pinpoint the position of the Sun in the Galaxy, we have to determine 
its distance from the galactic plane. In §107 we introduced the concept 
of the galactic equator and tacitly implied that the Sun lies in the plane of 
symmetry of our stellar system. Otherwise, the plane of concentration 
of the galactic objects willintersect the celeslial sphere over some small, 
and not great, circle. The galactic equator, on the other hand, is by 
definition the great circle having a common pole with this small circle. 

The galactic equator can also be defined as the limiting position of the con- 
centration curve of progressively farther galuctic objects. 

The position of the Sun relative to the galactic plane is found by deter- 
mining the average distance : of a large number of stars from the plane 
of the galactic equator. In these calculations, the sign of z, given by 
z=rsinb, must be taken into consideration. If z were equal to zero, this 
would imply that the Sun lies precisely in the plane of symmetry of the 
Galaxy. The results generally give z between -10 and -20pc. This shows 
that the Sun lies north of the galactic plane. It must be remembered, 
however, that this result may be a reflection of the peculiar structure of the 
local part of the Galaxy near the Sun. Anyhow, the distance of the Sun from 
the galactic plane of symmetry is negligibly small compared to the size of 
the stellar system and is therefore generally ignored. 
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The surfaces of equal density in the ellipsoidal model of the Galaxy are 
similar ellipsoids of revolution. The star density near the Sun is 
0.120+0.008 stars/pc* (see §116). If an average stellar mass is taken to 
be 0.42mo = 8.4-10% g, this gives 3.5-10-"*g/cm?. The distribution of 
material density in the Galaxy is also found from dynamic considerations. 
According to the analysis (by Kuzmin) of the recent findings of Oort, 
Kuzmin, Parenago, and Safronov, the density near the Sun is (5.2+0.5)x 
Xx 107% g/em?, The difference between the overall density figure and the 
density of stellar matter, which is 1.7-10°*4 g/cm}, provides an indication 
of the density of interstellar matter near the Sun. 

According to Kuzmin, the logarithmic density gradient in the plane of 


the Galaxy near the Sun is 8 =-0.15kpc™?, and the logarithmic gradient 


to the galactic pole is STE? -0.94kpc"!, The semiaxis ratio of the sur- 
faces of equal density in the Galaxy is thus approximately 10-° “~°'») = 0,16. 

§132. Two types of stellar populations. Subsystems of the Galaxy. The 
model of the Galaxy consisting of surfaces of equal density in the form of 
similar ellipsoids of revolution is an adequate approximation for the 
treatment of dynamic problems. From the viewpoint of stellar statistics, 
however, this model is much too crude, since it ignores the discrete nature 
of the stars. An exact galactic model should assign to each point not only 
the star density but also an appropriate distribution functions of stellar 
luminosities, spectra, and other characteristics at that point. 

In 1944, proceeding from a study of the distribution of various objects 
in our stellar system and in other galaxies, W. Baade established the 
existence of two types of stellar population. Type I population includes the 
hot giants and supergiants, long-period cepheids, novae and supernovae, 
open clusters, hydrogen clouds, and dust nebulae. Stars of Population I 
are located near the symmetry plane of their spiral galaxy, concentrating 
in the spiral arems and avoiding the nucleus. Population II stars are red 
dwarfs, red giants, short-period cepheids, and globular clusters, The 
globular clusters are exclusively composed of Population II stars. Stars 
of this population form the galactic nuclei; in spiral galaxies they are 
dominant in regions far from the galactic plane; in elliptic galaxies they 
are the only stellar component. 

Objects of Populations I and II as if avoid one another: long-period 
cepheids, for instance, do not occur in globular clusters, where numerous 
short-period cepheids are observed. Globular clusters and elliptic 
galaxies are rich in red giants, but have no hot supergiants, dust and gas. 
The red dwarfs are apparently an exception to this avoidance rule: they 
are omnipresent, occurring in all parts of the Galaxy. 

An interesting distinctive characteristic of the two populations is the 
luminosity per unit mass: for Population I stars Z/m is on the average of 
the order of 100 erg/sec/g, being much higher than for Population II stars, 
where this parameter is on the average of the order of 0.lerg/sec/g, 
L/mcan thus be accepted as a quantitative identifying characteristic of the 
stellar population in a particular part of the star system. 

In 1942, Kukarkin, Parenago and other astronomers of the Moscow 
school suggested that the Galaxy can be regarded as an assembly of sub- 
systems comprising objects with definite physical characteristics. For 
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example, if we ignore all the galactic objects except the Mira Ceti 
variables, we are left with the subsystem of MiraCeti stars. Different 
subsystems are intertwined and interpenetrating. Each subsystem is 
morphologically close to an ellipsoid of revolution. It is significant that 
different subsystems show different flattening. Tney are accordingly 
divided into three groups. The first group, characterized by the maximum 
flattening, forms the disk component of the Galaxy. The second group 
comprising less flattened subsystems is the intermediate component. The 
third group of almost spherical subsystems is the so-called halo component 
of the Galaxy. The objects of the disk component show stronger galactic 
concentration than the objects of the intermediate component, whereas the 
halo component shows almost no galactic concentration. On the other hand, 
the halo component shows the maximum concentration toward the center of 
the Galaxy, whereas the disk component actually avoids the center, This 
fact is in good agreement with the theoretical results of the dynamics of 
rotating self-gravitating objects. 

The first subsystem characteristics were obtained by Kukarkin for the 
variable stars, The variables have certain advantages compared to other 
stellar objects: 1) these are mostly high-luminosity objects visible over 
large distances; 2) they are readily distinguishable among the stationary 
stars; 3) they are easily classified according to their light variation curve. 

The variables were found to include representatives of all the three 
galactic components. Their characteristics were investigated by Parenago, 
Ikaunieks, and others. 

Quantitatively, each subsystem can be characterized by three para- 
meters: 1) the total number of objects in the subsystem, 2) the logarithmic 


density gradient of the objects in the galactic plane ce? which charac- 


terizes the concentration toward the center of the Galaxy, and 3) the 
logarithmic density gradient at right angles to the galactic plane, cig ; 
which characterizes the concentration toward the plane of the Galaxy. The 
logarithmic gradients are constant at any point if the density varies 
according to the barometric law. In this case (see §120), the half-thickness 
Ipe 

digD* 


B of the equivalent homogeneous layer of the subsystem is 


dz 

It follows from dynamic considerations that the flattening of each 
subsystem should be related to the mean velocity component perpendicular 
to the galactic plane. In disk subsystems this velocity component should 
be relatively small, since otherwise the objects would escape to large 
distances from the galactic plane and the system would lose its planar 
disk shape. Determination of the dispersion in velocities o, at right angles 
to the plane of the Galaxy confirms the expected dependence of a, on the 
flattening of the subsystem. 

Some characteristics of the galactic subsystems are listed in 
Table 15, which is borrowed from P.P. Parenago's ''Course in Stellar 
Astronomy" (Gostekhizdat. 1954). 

The model of the Galaxy comprising interpenetrating subsystems has 
an obvious advantage over the model of two populations: it ensures a more 
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detailed study and gives definite quantitative results. An obvious short- 
coming is that it ignores the peculiar structural features of the Galaxy, 
the presence of a nucleus and spiral arms. 


TABLE 15 


Number of | Assumed 
known total Source 
objects number 


Subsystems 


Disk component 


Long-period cepheids..... : 30,000 | Kukarkin, 1947 
Bstars ......... ag h ace 150,000 | shmrel'man, 1952 
Open clusters. ..... cient 2 33,000 | Barkhatova, 1949 
OsbalS 5s ets oe a ee sie ss 6,500 |Chernova, 1948 


Dark (dust) nebulae ...... 10° Parenago, 1945 
Supernovae .......... . Kopylov, 1954 


Intermediate 
component 


Novae .......-.+ Mite 5 : 10° Kopylov, 1954 
RV Tau vanables ..... a 2.2 10*~ 108 Pavlovskaya, 1950 
Rand N stars, irregular 

variables ..........-- 4.3 100 13,000 {Ikaumeks, 1952 
Rand N stars, semiregular 

vanables ..... Bb baad 2.5 115 4,500 | {kaumeks, 1952 
Constant-magnitude R and 

N stars,......-.. erates 1.3 335 16,090 | Ikaunieks, 1952 
Planetary nebulae,...... 2.0 217 130,000 | Vorontsov- 

Vel’yaminov, 1950 
S stars 2 ee eee serves 1,20 360 5,000 |Ikaumeks, 1952 
White dwarfs ....-...-- (1.08) (400) 5+10° Parenago, 1949 
Long-period variables .,.. 0.86 500 1.3-10° | Kukarkin, 1947 
Halo component 

Long-period variables with 

P=150—200 days .... 0.22 2000 10° |Kukarkin, 1947 
Short-period cepheids, .... 0,22 2000 170,000 | Kukarkin, 1947 
Lovg-period W Vir cepheids, 0.2; 2000: 20,000 | Kukarkin, 1947 
Subdwarfs ....... iia te (0.17) | (2600) 10" | Parenago, 1949 
Globular clusters... .. eae 0.15 3000 250 =| Parenago, Kukarian, 


Florya, 1941 
Parenago, 1947 


§133. The spiral structure of the Galaxy. The conviction that our 
Galaxy has a spiral sturucture is largely based on comparison with other 
galaxies of similar stellar composition and comparable size. These are 
the Sb and Sc galaxies with prominent spiral structure. Another indication 
of spiral arms in the Galaxy is provided by the substantial inhomogeneity 
of its structure, associated with the peculiar distribution of interstellar 
gas, large clouds of dark matter, and the hot high-luminosity stars. These 
are the objects found in the spiral arms of other galaxies. 

One of the main problems of stellar astronomy is to arrive at a reliable 
charting of the spiral arms in our Galaxy and to fix the position of the Sun 
relative to these arms. This is a difficult undertaking, since we are 
viewing the spiral structure from the inside, so that it is not clearly 
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visible. To determine the true structure of the Galaxy, we should pick 

oul the characteristic objects of spiral arms, find their Spatial distribution 
in the Galaxy, and thus establish the configuration of the spiral arms. The 
currently available results are uncertain owing to the inaccurate determina- 
nation of the distances, the screening effect of the abundant dark matter, 
and the high sensitivity of the results to observation errors. 

Because of the numerous errors, the observed distribution of the 
typical objects gives several alternative arm configurations. The uncer- 
tainty becomes especially clear if we remember that the spiral arms may 
have several turns each. Different studies of the spiral structure therefore 
led to outright contradictory results, and the true spiral configuration 1s 
not clear to this day. 

The spiral structure was charted from the distribution of O and B stars 
(Vorontsov-Vel'yaminov), stellar associations (Morgan, Whitford, Code), 
emission hydrogen clouds \Gaze, and also Morgan, Sharpiess, and 
Osterbrock), emission hydrogen clouds and open clusters (Weaver), radio 
hydrogen fields (Shklovskit), radio hydrogen fields at 21 cm wavelength 
(Oort, van de Hulst, Muller, and also Parenago). 

The great advantage of the radio methods is that they are free from 
absorption errors: the interstellar medium is virtually transparent at 
radio frequencies. 

The existence of the galactic nucleus, like the spiral arms, has been 
mainly inferred from observations ofother galaxies. All spiral galaxies 
have a prominent nucleus characterized by increased stellar density and 
monotonic increase of brightness toward the center and devoid of any 
individual features. 

In 1949 Kalinyak, Krasovski1,, and Nikonov photographed the galactic 
nucleus in infrared light at 9800 A. The angular diameter of the nucleus 
was 10—12°, which at a distance of 7500 pc corresponds to a diameter of 
1300—1600pc. This 1s the typical size of the nucleus in Sb spiral 
galaxies. 

§134. Radio structure of the Galaxy. Highly valuable information on 
galactic structure has been recently obtained from radio observations. 
Strictly speaking, radio observations only reveal the distribution and motion 
of hydrogen in the Galaxy. However, since the distribution of hydrogen is 
correlated with the distribution of stars and interstellar dust, it provides 
an indication of the overall structure of the Galaxy. It is fairly certain, 
for instance, that the plane and the axis of symmetry of the interstellar 
hydrogen subsystem coincide with the plane and the axis of symmetry of the 
other galactic subsystems. 

The distribution of neutral hydrogen (so-called H1 regions) 1s observed 
at 21cm wavelength, at which the neutral hydrogen has a sharp and unique 
emission line, Neutral hydrogen also shows Strong absorption at this 
wavelength, which however does not prevent receiving the 21cm emission 
from distant HI regions: on account of the differential galactic rotation 
(see §149), the hydrogen clouds which hie at different distances along the 
same line of sight move with different radial velocities. The Doppler effect 
therefore produces a relative shift of the 21 cm line of the different 
hydrogen clouds, so that the near HI regions become transparent to the 
shifted emission of the distant hydrogen clouds. The Doppler shift, combined 
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with galactic rotation data (see §151), makes it possible to determine the 
distance of the radio source, and the radiation intensity at 21 cm wavelength 
gives the density of neutral hydrogen at the given point. 


300° JI0° IETS F40° ISO? a? 


FIGURE 104 


A detailed study of the distribution of neutral hydrogen in the Galaxy 
was carried out in Leiden by van de Hulst, Muller, and Oort in 1954 and 
in Sydney by Kerr, Hindman and Stahr-Carpenter in 1957. These surveys 
covered almost the entire sky and led to the following conclusions, pub- 
lished in 1958 by Oort, Kerr, and Westerhout: 1) The neutral hydrogen 
is distributed in a thin sheet in the Galaxy. Its scale height (i.e., the 
thickness that the sheet of the same mass would have if its density at any 
point of the cross section were equal to the maximum density attainable at 
the center of the real layer) is approximately 220pc. 2) The neutral hydro- 
gen sheet in the main closely follows the galactic plane. Within a radius 
of 10 kpc from the center of the Galaxy, points of maximum density in 
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cylindrical columns perpendicular to the galactic plane are nowhere distant 
more than 75 pe from the plane of the Galaxy. Within a radius of 6 kpc, 
these deviations are even smaller and do not exceed 30pc. In Oort's 
opinion, this property of the neutral hydrogen gives a more accurate deter- 
mination of the position of the galactic pole than star counts do. At the 
periphery, the neutral hydrogen layer is fairly distant from the galactic 
plane. Outside the 12 kpc radius, deviations of up to 600 pc from the plane 
of the Galaxy were observed. [In these outer regions, the density of neutral 
hydrogen is much less than in the interior part of the Galaxy. 3) The para- 
meters characterizing the galactic rotation of neutral hydrogen show a good 
fit with the rotation parameters of the disk subsystems. 4) The observed 
density distribution of neutral hydrogen near the plane of the Galaxy 
(Figure 163) is highly sensitive to the adopted value of the galactic rotation 
parameters near the Sun (the poSition of the Sun in the figure is marked by 
a circle at a distance of 8.2 kpc from the center of the Galaxy in the direc- 
tion of the longitude 147°.5). Since the relative errors in these parameters 
are substantial, the hydrogen distribution chart is not particularly reliable. 
Moreover, it is distorted by residual velocities of hydrogen clouds, which 
may be substantial, but cannot be accounted for with any accuracy. Because 
of these distortions, we cannot at this stage fix the position of the spiral 
arms from neutral hydrogen radio data. There is furthermore a hitherto 
uncharted region between galactic longitudes of 310 and 340°. These 
uncertainties notwithstanding, Figure 163 shows in clear outline elongated 
arches of increased hydrogen density, which are apparently parts of spiral 
arms. 5) The density of neutral hydrogen is the highest at a distance of 
6.5 kpc from the center of the Galaxy, where it reaches 1 atom per 1 cm*. 
At a distance of 14kpc the density falls to 


0,1 atom per lcm’. The logarithmic 


TABLE 16 density gradient of neutral hydrogen in the 
ay mH plane of the Galaxy is thus less than the 
bee Soe ek atoms, logarithmic density gradient of stars 
aad mee (-0.13 kpe™! and —0.15kpc™!, respectively). 
i The density of neutral hydrogen in the 
3-4 0.33 | 9-10 | 0.41 . ; , i“ 
4-3 072 \ to—4 0355 interior of the Galaxy is less than the den 
ee ee ae os) sity of stellar matter, but as it falls off at 
7-8 0.72 rae Age a Slower rate toward the periphery, the 
8-9 0.48 14-15 | 0.04 density of neutral hydrogen becomes com- 
i 
J 


parable to the density of stellar matter in 
the outer regions. 6) The neutral hydrogen 
within a sphere of 3kpc radius from the center of the Galaxy reveals sub- 
stantial outward velocities, reaching130km/sec. Thiscreatesanimpression 
of steady efflux of hydrogen from the center of the Galaxy to the periphery. 
Muller and Westerhout in 1957 compiled a catalogue of the 21cm line 
profiles for neutral hydrogen at 694 points within the area —10° <b< +10°, 
220° <!< 318°. The profiles give the emission intensity as a function of 
radial velocity. Using this catalogue, Westerhout determined the average 
density ny, of neutral hydrogen as a function of distance from the center in 
the galactic sector with the Sun at its apex (Table 16). The density maxima 
at 6—7kpe and 10—11 kpc are possibly an indication of spiral arms. 
Ionized hydrogen (so-called HII regions) emits a continuum of radio 
frequencies. it also absorbs the corresponding wavelengths. The kinetic 
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temperature of ionized hydrogen is estimated at 10,000°K. Ionized 
hydrogen is therefore observed in absorption if the background emission 
temperature is over 10,000°K and in emission if the background emission 
temperature is less than 10,000°K. We know from observations that at 
wavelengths over 10m, the background temperature is greater than 
10,000%K; therefore at these wavelengths the HII regions are observed in 
absorption. Shain, using the Sydney radio telescope in 1957, established 
the existence of large HII regions bothnear the plane of the Galaxy and at 
high galactic latitudes. Many of these radio clouds are identified with 
optically observed HII regions. 

At wavelengths shorter than lOm, the HII regions are observed in 
emission. The intensity distribution at these wavelengths was studied by 
Mills, Hill, and Slee in 1958 (meter wavelengths) and by Weslerhout in 
1958 (75cm and 22cm). ‘fhe observational difficulties at these wavelengths 
are associated with the existence of an alternative radio source of non- 
thermal origin at meter wavelengths. According to Shklovskii, this 
nonthermal emission is the radiation of relativistic electrons in a magnetic 
field. 

Westerhout found that the maximum radiation intensity at 22cm is 
observed in the plane of the Galaxy at galactic longitude 353°, decreasing 
toward the center. He attributed this fact to the presence of an ionized 
hydrogen ring with a radius of 3—4kpe around the center of the Galaxy. 
Westerhout's observations extended only to galactic longitude 320°, and 
therefore the other part of the ring was not observed. 

The ionized hydrogen radiation is proportional both to the density of 
ions and the density of electrons, so that it is proportional to the square 

of the density of interstellar matter. This 
shows that the ionized hydrogen collected into 


TABLE 17 isolated clouds emits more than the continuous 
7 ; | an 7 distribution of interstellar hydrogen within 
kpe nin i kpe | TEL TYE the same volume. The radiation intensity 
increases with increasing cloud density. 
0-2 0 +» 5-6 | o.o9 Assuming that the HII regions have an average 
Ta eae eee ve density of 5 atoms/cm? and the clouds near 
3.5-4 64 | 8-9 | olnG the Sun occupy 0.0015 of the total space 
44.5} 021 5 9-10) 0.07 


volume, Westerhout obtained the following 
ratios of the mean ionized hydrogen density to 
the mean neutral hydrogen density in the 
plane of the Galaxy for various distances 
from the galactic center (Table 17). 

The total mass of neutral hydrogen is close to 1.4- 10° solar masses and 
is about 0.02 of the galactic mass. The mass of ionized hydrogen is 8-10? 
solar masses, which is about 0.0001 of the galactic mass. 

Westerhout also carried out measurements at 22 and 75cm near the 
galactic center and charted the surface brightness isophotes. At both 
wavelengths, a galactic nucleus 4—5° in diameter is prominent, centered 
at /= 327°.5, b= -1°.1. 

A study of the distribution of nonthermal radio emission led Shklovskii 
to the conclusion that the Galaxy is surrounded by a spherical corona of 
highly tenuous hydrogen. Pikel'ner reached the same conclusion from 
different considerations. 
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§135. The Local Group. In §130 the galactic equator was defined as the 
limiting position of the concentration curve of galactic objects at ever 
increasing distances. 

If we consider the nearest stars, the plane of their maximum concen- 
tration does not coincide with the plane of the galactic equator. Back in 
1879, Gould found that the plane of maximum concentration of stars up to 
4” makes an angle of 17° with the galactic plane. As we proceed to 
progressively fainter stars, this inclination angle decreases, dropping 
according to Seares to 8°.1 for Stars to 9" and to 2°.7 for stars to 18”. 

The longitude of the ascending node of the plane of concentration thus also 
changes. For stars up to 4” it is 257°, for stars up to 9” itis 5°, and for 
Stars up to 18“ it is 80°. 

A number of authors regard these changes as evidence of the existence 
of a certain physical star system — a stellar cloud — in the part of the 
Galaxy around the Sun. This so-called Local Group is flattened, but its 
principal plane does not coincide with the plane of the Galaxy. Examining 
bright stars only, we focus our attention mainly on the nearest Stars of the 
Local Group, and the inclination of the plane of maximum concentrati«n is 
therefore almost equal to the inclination of the plane of the Local Group to 
the galactic plane. AS we progress (to fainter and therefore more distant 
¢tars, stars outside the Local Group enter the sample and the inclination 
angle of the concentration plane decreases, approaching zero. 

Studies of star density near the Sun reveals a marked increase in 
density in directions from /= 230° to /= 260° up to distances of 300 — 

400 pce. This distance is accepted as the approximate radius of the Local 
Group. It is significant that the increase in density applies mainly 

to B-type and partly to A-type stars. We are thus dealing here not with 
increased overall density, but with increased partial density of B and 
partly A stars. If this is so, the Local Group is physically unstable due to 
insufficient overall star density. On the other hand, the rotation data 
obtained by Ogorodnikov and Shatsova seem to indicate that the Local Group 
is stable. According to their findings, the rotation speed of the Local 
Group is a factor of 2—3 greater than the angular rotalion velocity of the 
Galaxy. 
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Chapter XIX 
STELLAR MOTIONS 


§136. General considerations. The motion of a star in space can be 
determined in relation to other stars or stellar systems. It is naturally 
different relative to different star groups. Inside the Galaxy, the most 
general description of star motion is that relative to all the stars of the 
galactic system. In this case let eh ay Al be the projections of the spatial 
velocity of a star on the three rectangular axes. For the center of inertia 
of all the stars in the Galaxy we have by definition 


Y= DYe= 2, =0, 


where the sum is taken over all the stars of our stellar system. 

The motion of a star relative to the center of inertia cannot be found, 
since the motions of the stars in the Galaxy are not all known. It could be 
determined if we were to measure the motions of a group of objects distri- 
buted symmetrically about the galactic center. Assuming symmetric 
motion of stars relative to the center of the Galaxy, we can regard this 
point as the center of inertia of the system and refer all the spatial velo- 
cities of stars to the galactic center. 

Since the observations are carried out from the Earth, we measure the 
difference in the motions of the Sun and the star (after correction for the 
Earth's orbital motion). The projections of this difference on the three 
rectangular axes are designated X.Y,Z. Then 


X, —Xg=NX, 
Y,~Ya=¥ (1) 
bg —ley =. 


Adding up these equalities for all the stars and seeing that for the center of 
inertia }X¥,= > Y,=Z, =0, we obtain for the projections of the Sun's 
motion 


1 S 
Xo=—-y MN, 
You —w MY (2) 
Zo= —F SZ, 
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where is the number of stars in the Galaxy. Having thus determined the 
velocity of the Sun, we use Eqs. (1) to sind the velocities of all the stars 
relative to the center of the Galaxy. 

In practice, wc can observe only stars near the Sun. The velocities of 
the Sun and the sfars are then referred to the local center of inertia of 
stellar motions. Stars near the Sun, as we will see from the following, 
largely share the morion of the Sun relative to the galactic center. There- 
fore this common velocity cancels out when we take the difference in the 
motions of the Sun and the stars and the residual velocily is found to be 
relatively small. The vclocity of the Sun relative to the local center of 
inertia is approximately 1/10 of its velocity relative to the galactic center. 

Let the projections of the velocity of the Sun and stars relative to the 
local center of inertia be 4.y.2. Taking Sr, = Sy. -- Si, = 0 we find as before 


1 
we 1 Ny, (3) 
nt oe ty: 
O= ae E se 
where nis the number of obServed stars. For cach star we have 
ry St pS 
ee (4) 


The spatial velocity of stars 1s expressed in km/sec. 

§137. The observed spatial velocity components and their relation to 
r. 4.2. Direct observations do not give the spatial velocities of stars. The 
observations give the projection of this velocity on the line of sight, called 
the radial velocity «, (km/sec), and the proper motion components on the 
celestial sphere u, and ws, which are expressed in seconds of arc per year 
and are directed along the right ascension and declination of the star. «is 
oftenreplaced by u cos 4, which is directed along the great circle through 
the stor at right angles to its circle of declination. In photographic 
measurements the components j,,coss and ne are denoted by n, and p, and 
are expressed in seconds of arc. The total proper motion u is ] pi. py, and 


us position angle y is oblained from the relation tg y - me We may also 


write poop, siny u,cosy. The position direction of pn, 1s taken in the direc- 
tion of increasing right ascension, i.e., from west to east, and u, is 
reckoned in the direction of increasing declination, i.e., from south to 
north. The radial velocit; is taken posilive if the star moves away from 
the observer. 

To determine the Spatial velocity, we have to change over from the 
proper motion p to the tangential velocity z,, i.e., the velocity component 
at right angles to the line of sight, also expressed in km/sec. ‘This 
requires knowledge of the distance , to the star {in parsecs). 

If the distance ts measured in parsecs, the tangential velocity 1s 
voehkur, where 


Sag 


S37. THE OBSERVED SPATIAL VELOCITY CON PONFS 1s 


Here the numerator is the radius cf the Earth's orbit in kilometers and the 
denominator the number of seconds in a tropical year. Indeed, we see 
from Figure 164 thatz,~/-" sin 1" pe annually. One parsec is equal to 
ei ——, and to obtain the tangential velocity in km per second of time 
this number should be divided by the number of seconds in a year. 


# Pr pene |x 


FIGURE Ie 


The spatial velocily of a star is v= | «+ a. 
Thus, in order to determine the Spatial velocity of a star we require 
v,. p, and rs, all of which are available from observations. The measure- 


ment of stellar distances ror, alternatively, stellar parallaxes p- , is the 


least reliable and therefore introduces the largest error inz. Let the 
ry, system be oriented with the axis z directed to the point of vernal 
equinox, the axis y lying in the equatorial plane turned through 90° in the 
direction of increasing right ascension, and the axis : pointing to the north 
pole. The direction cosines between the systems p,. H,. v, and r.y,>are 
functions of the equatorial coordinates ua and 6 of the star: 


Artt, diy 
; 7 “Bi a a cos eacsind i COS (COS as 
yl cos sinasind | sinacosd 
= 0 cosd stud 


These relations are readily derived from Figure 165. We have 
te kraysmu krpy cosa sind 7 2, cos a cos}, 
y—krpyeosa - Ara, sinasind -v. sinacosd. (5) 
: Arp, cosd ov sind. | 


and conversely 


-+rsinatyrosa 


Wy = fl, C080 = ———~ 
roosasind-- ysina sind ~scoso (6) 
u, - wos —— 7; ’ 
e ita 
u,= Teosticos O6-- ysinueosd ; ssind, 
hee A.T3S 


The spatial velocity components p,, wy, and « are distorted by obser- 
vation and measurement errors which are considered in detail in Vol. Tf of 
the Course (see also /1/}. The observed radial velocity of a star, cor- 
rected for the Earth's motion around the Sun and around its axis, is in fact 
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the line-of-sight projection of the velocity components z, y, = relative to the 
Sun. These velocities incorporate the effect of galactic rotation and for 
some stars the A-effect as well. 
This problem is discussed in §144 
and §149. 

The proper motion of a star in the 
sky includes not only the so-called 
peculiar motion intrinsic of the star 
itself but also its parallactic dis- 
placement, which is a reflection of 
the Sun's motion. The proper motion 
of a star is thus its motion relative 
to the Sun, which again fits the defi- 
nition of the components z,y,z. The 
galactic rotation effect is incorpo- 
rated in the proper motion. 

The determination of proper 
motions meets with a certain diffi- 
culty which is not observed in the 
determination of radial velocities. 
The point is that the angle which is 
a measure of the proper motion is the angle between two directions to the 
star observed al different times. We therefore require Some fixed direc- 
tions in space from which the direction to the star can be taken. In funda- 
mental astrometry these "fixed'' directions are generally chosen as the 
direction of the Earth's spin axis and the perpendicular direction to the 
point of vernal equinox. These directions, however, are not exactly fixed 
owing to precession effects. The precession of the Earth's axis should 
thus be known if we are to introduce the appropriate corrections, but 
remember that in the final analysis the precession is also determined from 
observations of stars. The entire complex of problems is therefore solved 
simultaneously, and one has to consider the resultant effect of precession, 
galactic rotation, and Sun's motion, taking the sum of the peculiar compo- 
nents of the proper motions of star to be zero. The accuracy of the solution 
improves as we choose a progressively more uniform distribution of stars 
over the celestial sphere and take a sufficiently large sample. The proper 
motions determined in this way are called 'absolute" in fundamental 
astrometry. 

In photographic astromery the relative proper motions can be measured 
with high accuracy; these are motions relative to a group of reference 
stars on the photographic plate, the sum of whose proper motions is taken 
equal to zero. The conversion from relative to absolute proper motions is 
carried out using the results of fundamental astrometry which, as indicated 
above, depend on the value of the precession constant used. The relative 
proper motion is free from the effect of galactic rotation, except for terms 
of second and higher orders which are significant only for the distant stars. 
The linear terms are proportional to the distance, so that their angular 
equivalents remain constant and drop out when we take the difference 
between the measured and the reference stars. 

Astrographic techniques can be applied to tag the proper motions of 
stars to extragalactic objects — galaxies whose distances are so large that 
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their direction from the Sun virtually remains unchanged. Calculations 
show that taking 300 km/sec for the tangential velocity of the galaxies, we 
obtain even for the nearest of them proper motions of 0".0001, which is one 
order of magnitude less than the current accuracy of proper motion deter- 
minations. The proper motions of stars relative to the galaxies may there- 
fore be regarded as "'absolute.'' These proper motions are independent of 
precession. 

§138. Secular variation of proper motion, parallax, and radial velocity 
of a star due to its motion in space. Lety,z,, and pbe the proper motion, 
the radial velocity, and the parallax of a star. The star is assumed to move 
in space with a constant velocity eover a certain length of time. In 
Figure 166 the two directions to the star cross its path at angles @ and @’at 
distances rand r’from the observer 0. During the timet, the star traverses 
the path tz. The angle between the two directions corresponding to this 
time interval is o. 


FIGURE 166 


In the triangle of Figure 166 


o _ sing 


tv. 
— sin 1”%= 


Ar sin 8’? 


where r is in parsecs, ¢ is in years, v in km/sec; k= 4.738 (see §137). 
Since 8’=6—o, we have 


tov sin 1’= sing - tg o 
kr ~~ “sin@coso—cosOsino  sinU—cos¥itgo ~ 


The projections of the spatial velocity on the line of sight and the plane 
perpendicular to the line of sight at the starting time t= 0 are v,=vcosé@ and 


uv, =vsin0; the proper motion is pHa, wherer is in parsecs. Inserting 


sin 8and cos 6 from these expressions in the above equation, we get 


t _ __tkrpsinti” 
Bo= kr tv, sin 1” 
or, Since the angle ois small, 


yh 
o= SSS ee ae 
tvpsini” ° 
1+ Ar 
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whence to fair approximation 


G = tu—Cpa,p- 1.024. 10 & (7) 


Thus, when calculating the position of a star on a celestial sphere as a 
function of its proper motion, we Should consider a quadratic term in time. 


On the other hand, the proper motion, strictly speaking, is not ae i.e., 


the angle between the two directions divided by the time. 
The proper motion of a star at any lime ¢ 1S obtained by differentiating 
a with respect fo time, thus: 


= = = pe fe pba. 10% (8) 
As an example consider Barnard’s star, with p= 10".27, «,= -lll km/sec. 
and p= 0".55. Then 


o = 10".27t . 7-0" 163. 


If we ignore the quadratic term, the error in the star's position will reach 
6.3 in 100 years. 

The proper motion cf Bernard's star will change by + 0",.126 in 100 years. 

let us now derive equations for the secular variation of the parallax and 
the radial velocity. In Figure 166 we lay the segment -(equal to the initial 
distance from the observer) ofs the side + of the triangle. The distance 
increases by Aj\r- r'—r. In the new triangle with the sides .\, and ¢:. the 
angles pg and y’= 180—y opposite these sides are 


a 


ya Cs -U and y —‘W 


Therefore 


fe sin 17 ec f 


WNr a 
¥ on 2-0 ) cos 0 te |. sma 


where Aris again in parsecs, and ¢ in years. 
As before, we readily obtain 


\r wee sin - wer sine U7 
For the difference of parallaxes we have 
Aro ree A 
Whence, dropping the quadratic ferm, we obtain to fair approximation 
p= pote? 1.024. 10-6 (9) 


The radia! velocity of a star at the fime fis found by differentiation of 
dr with respect to time: 
d\r . Patsce rrsin {" 


7A ey 
le AE et at Eeaeowas — fue sine 1%, 
de oF yee h mS 
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§ 139. STATISTICAL RELATIONS 


To express the result in km/sec, this equality should be multiplied by 


Finally, 


k 
sin i7* 


’ , MF, "i 
Ur = 0, + ——-2.30- 1075. (10) 
For Barnard's star the change in parallax and radial velocity in 100 
years, calculated from (9) and (10), is 


po —p=+07.00388 and v—v,= +1.2km/sec. 


Werner (AN, B281, p.221, 1954) tried to determine the kinematic 
parallax of the star Groombridge 1830 from the change in proper motion using 
Eq. (8), i.e., 

a’ —pry- 1009 
pe apes 

Here p= 7.04, v,= -98km/Sec, u’— p= +0".019, and ¢= 100 years. 
He found p= 0".14, which fits the trigonometric parallax of the star, 0'.11.* 

§139. Statistical relations between the mean spatial velocity of a star 
and its radial and tangential components. We start with the assumption 
that, whatever the actual distribution of the residual velocities of stars, it 
is constant throughout the space. In practice, this is true at least in the 
immediate neighborhood of the Sun. 


FIGURE 167 


Consider some spatial velocity vz, which has equal magnitude and direc- 
tion at different points near the Sun. Its components v, and uz, depend on the 
direction of the line of sight: 


v,=vcos@ and wv, =vsind, 


where @ is the angle between the line of sight and the velocity vector v. The 
different projections are equiprobable, however. Indeed, the ray OC 


* Werner erroneously used a factor of 1.024 in Eq. (8), instead of 2.05, and actually found p= 0".27, 
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(Figure 167) which makes a constant angle 9 with the velocity vector Ou 
meets the celestial sphere along the circle CC of radius ep=Asin8,where R 
is the radius of the sphere. Hence the number of different projections of 
uv. and v, is proportional to sin®. Therefore, the mean magnitude of these 
projections is 


vcos@sin6 dd 
|v, |= ——————__ = 


Cee, te] 4 


wl = 


uv, 


sin0d8 


Ones |s 


a 

Je sin@ sin@ a8 
= 0 
[5,1= 2 = 
sin 0d8 


Outs] 


Since this result is applicable to any spatial velocity and its projections, 
we have on the average for all velocities 


ly,{=;%9 and [u,[=—0. (11) 


We thus have the following results: 

1. The mean magnitude of the projection of a star's velocity on some 
axis is equal to half the mean spatial velocity of the star. 

2. The mean magnitude of the projection of a star's velocity on some 


plane is equal to ae times the mean spatial velocity of the star. 


These results were derived without assuming spherical distribution of 
spatial velocities. Any velocity distribution may be assumed, provided it 
is applicable in the entire space. 

From Eq. (11) we have 


le = Je]. (12) 


§140. Proper motion components v andt. The observed proper motions 
of stars, like their radial velocities, include the projections of the Sun's 
reflected motion. 

Consider a certain point, called the apex, on the celestial sphere 
(Figure 168), toward which the Sun moves relative to the nearby stars. 
The equatorial coordinates of the apex are Agand Do. The antipodal point 
on the celestial sphere is the antapex. The position of any star with the 
coordinates a,§is marked by the letter S. Its proper motion is described 
by the vector p. The projections of this motion on the direction star — 
antapex and at right angles to this direction are the v and tcomponents, 
Clearly the v component includes a reflected motion of the Sun, i.e., the 
parallactic motion of the star y,. The component r is free from this par- 
allactic motion and corresponds only to the projection of the star's peculiar 
motion. The parallactic component also enters the radial velocity of 
the star. 
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§ 140. PROPER MOTION COMPONENTS 


Apex oO 
FIGURE 168 FIGURE 169 


To change over from the proper motions p,=pacoséand p,=p, to the v and 
t components, we use the position angle x of the parallactic displacement 
of the star toward the antapex: 


V=U,SINY + Py COSY, (13) 
T= —U,Cos%7- ph, sin y. 


From the polar triangle pole—star—apex, we have using the standard 
relations of spherical trigonometry 


cosk=sind sin Dg+cos bcos De cos(a— Ag), 
sindcosz= —cosésin Dey + 
+ sin dcos Docos (a— Ag), 
sinAsiny = cos Desin (a — Ag), 


whence we find 7 and A, where 4 is the angular distance of the star from 
the apex. 

The parallactic displacement is a function of 2. If the direction to the 
star coincides with the direction to the apex or the antapex, the proper 
motion is free from the effect of Sun's motion. The radial velocity in this 
case includes the entire parallactic component. If the angular distance of 
the star from the apex is 90°, i.e., the directions to the star and to the 
apex are perpendicular to each other, the motion of the Sun is entirely 
included in the v component and does not affect the radial velocity. In 
general, the parallactic component of proper motion is proportional to 
sin A and that of the radial velocity to cos 4. This is clear from Figure 169 
where, as before, 4 is then angle between the directions to the apex and to 
the star. The vector SQ is the reflected motion of the Sun in space. The 
projections of this vector on the line of sight and at right angles to it are 


SR=SQcosh and ST=SQsin2. (14) 
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The vector ST subtends an angle v,. For i4= 90°, ST:-SQ and the angle v, 
reaches its maximum value, yg. Introducing the distance rfrom the Sun to 


the star, we get 


ST=rsinv, and S@=rsing. 


Pp 
Inserting in the second equation in (14), we obtain 
sin v, = sing sind, 


or, the angles being small (we express them in seconds of arc), 


Vp=aq' sind, (15) 


§141. Average secular and average annual parallaxes of stars. For 
each star with known proper motion we can find the v component from 
Eq. (13). Taking the average value v over a large sample of stars, we 
find that the peculiar component of the proper motions vanishes, since the 
velocity distribution of stars is on the whole symmetric. Although the 
stars which have large velocities relative to the Sun show definite asymmetry 
of motions (see §148), they can be excluded from analysis. Certain parts 
of the sky show local streams of stars which may distort the overall sym- 
metry. Finally, the differential galactic rotation produces a biased effect, 
which is different in different parts of the sky (see §149). 

All these factors force us to increase the star sample and to ensure 
maximum uniformity of distribution over the two celestial hemispheres. 

If this is done, we can safely say that v contains only the parallactic com- 
ponent of stellar motions. 

The parallactic displacement of stars in itself is a poor characteristic 
of stellar distances, as it depends on the angle 4. One therefore generally 
calculates the parameter g, which is independent of the star's angular 
distance from the Sun's apex. 

Each star gives the equation 


v=u,+v', 


where v’ is the peculiar component. According to Eq. (15), this can be 
written in the form 


v=qsinAtv’. 


Solving by the least squares method, we obtain the most probable value of 
q: 
dv’ )sink _ Ni vsin 2 


i ee 
q SM sin? 2 D sia? ‘i (16) 


since 


>> v’ sind 


S} sin? a 


q is called the mean secular parallax and is sometimes designated (=). 


where his the distance traversed by the Sun in one year, 9 is the distance 
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§ 141. AVERAGE SECULAR AND ANNUAL PARALLAXES 


to the star. In the notation of the previous section, this corresponds to S@ 
and r. The mean secular parallax is thus the angle which measures the 
mean parallactic motion of the selected group of stars referred toa direction 
at right angles to the direction to the apex. 

Secular parallaxes characterize the average distances of stars grouped 
according to their apparent magnitudes and possibly according to their 
Spectral types. In these groups the dispersion of the individual distances is 
reduced. Moreover, the stars are arranged according to galactic zones, 
since the average parallaxes of stars of a given magnitude depend on the 
galactic latitude: the luminosity function of the stellar population varies 
as we move from high latitudes toward the galactic plane. 

Photographic observations give a large number of proper motions of 
stars of various apparent magnitudes, up to the very faintest, in small sky 
areas. Since within each small area the angles y and 4 are fairly constant, 
we get 


v=pU, sin y+ py cos y= v, = 7sind. 
For numerous areas, distributed with fair uniformity over the sky, we get 


-_ Dvpsina 
1— "Sein ou 


To change over from secular to average annual parallaxes p, we require 
the velocity of the Sun vj relative to a given group of stars. Then 


pot. (18) 
© 

Taking 19.5 km/sec for the standard velocity of the Sun, we find that the 
annual parallax is approximately 1/4 of the secular parallax. The distances 
are thus determined with higher accuracy. Moreover, the proper motions 
from which the secular parallaxes are calculated are measured over periods 
of a few decades. The probable error of the secular parallaxes is thus 
about +0".001. Hence it follows that the secular parallaxes give the dis- 
tances to stars which are ten times farther than the stars with measurable 
trigonometric parallaxes, Trigonometric parallaxes are applicable to 
distances not exceeding 100—200 pc, and even then in few cases only. 

Note that given the average parallax p, we cannot calculate the average 
distance ras the reciprocal, since on account of the spread of the distances 
in each group 


pr=p(t) #1. 


Special investigations show (see, e.g., Bull. Pulkovo Obs., No. 138, 
pp. 27—28, 1947) that the product p.r is approximately equal to two, if the 
Stars are grouped only according to their apparent magnitudes. Thus, in 
order to obtain the average distance in parsecs, the reciprocal of the 
average parallax should be multiplied by a factor close to 2. 

The average parallaxes of various groups of stars can also be found 
from the t components. ‘This requires knowledge of the peculiar radial 


509 


Ch. XIX. STELLAR SIOTIONS 


velocities of the stars. If we assume that the average absolute values of 
the t components, expressed in angular units, correspond to the average 
absolute radial velocities expressed in km/sec, we get 


yerqqgg isl 

pa aa (19) 
Remembering that the distribution of the spatial velocities of stars is 
ellipsoidal (see §143), we calculate the average radial velocity corre- 
sponding to agivendirection of the t component. If the star sample is 
uniformly distributed over the celestial sphere, this is not absolutely 
essential. 

The uncertainty in the determination of the average parallaxes of stars 
of various apparent magnitudes from the t components is due to the fact 
that the radial velocities are known only for the bright stars. For the faint 
stars. whose spectral types are generally unknown, we therefore use the 
radial velocities determined for the bright stars (see Oort, Bull. Astr. Inst. 
Netherl., Vol. VILL, No. 290, 1936). 

Both methods for the determination of the average annual parallaxes — 
from the v and +r components — are used jn stellar astronomy. Their appli- 
cation entails extensive catalogues of photographic and visual observations 
of proper motions. The most comprehensive and exact determination of 
the average parallaxes was carried out by Binnendijk in 1943 using photo- 
graphic catalogues of proper motions in Kapteyn's selected areas (see §145) 
according to Pulkovo and Radcliffe observations. According to Binnendijk, 
the average annual parallaxes of Stars up to m-th photographic magnitude 
are given by the equation 


Ig p(m) = Ig p (12.0) — 0.115 (m — 12.0), 


where igp(12.0) takes the following values depending on the galactic latitude: 


b | o | 10° | 2”? 30° 40° 
Ig p (12.0) 7.262 | 7.311 7.382 | 7.452 | 7.516 
b 50° 60° 10° 80° 90° 
ig p(12.0) | 7.563 | 7.596 | 7.618 | 7.629 | 7.630 


Table 1 lists the average parallaxes p calculated from Binnendijk's 
equation (in units of 0.0001). 


TABLE 1 
Mig 
‘ 9.0 10.0 11.0 120 130 14.0 150 
o | 40 { at | 2% 18 4 11 8 
+i0 | 4 | 35 | 27 | 2 | 146 42 9 
20 53 41 3f 24 49 14 {1 
30 | 63 | 48 | 37 | 23 | 22 17 13 
woo} 73} 56 faa | 33 4] 35 19 15 
30 | Si we | 4 | 37 BR 2 17 
co | a7 | 7 | 31 40 | 30 23 18 
so | 9 | 72 | 55 | 4 | 33 23 49 
+9 [91 | 72 | so | 43 1 33 8 | 19 


§ 142. DETERMINATION OF THE SUN'S APEX 


To find the secular parallaxes 7, we should multiply the tabulated values 
by 4.11, assuming ya= 19.5 km/sec. 

§142. Determination of the Sun's apex from proper motions. In §137 we 
derived Eqs. (6), the first two of which related the proper motion components 
#, and p, to the projections z, y,zof the spatial velocity in a rectangular 
coordinate system oriented in a certain way. 

The proper motions contain a parallactic and a peculiar component, and 
the right-hand sides of the equations can therefore be written as a sum of 
the projections (—z9, —yo, —za) of the reflected motion of the Sun and the 
individual velocity of the star. The latter is of no importance for our 
purposes and can therefore be written in a general form as p; and p,. 

For each star we thus have the two equations 

Zsin d—y.,cos a 
p= 2 +s, (20) 
Zo cosa sind y@sin a sin b—z, cos 6 
a 


Apart from the sought components zo, Yo. 4, the peculiar components 
Hs, Hy are also unknown. Givena sufficient number of stars distributed 
fairly uniformly over the celestial sphere, the peculiar motions in all 
probability mutually cancel. The distances rfrom the Sun to the stars are 
generally unknown, especially for the weak stars. We therefore have to 
use Some average distance 7 for all the relevant stars and find by the least 


z Yay 2 
squares method the unknowns ©, 2, 2. 
7 ra 


To reduce the dispersion of stellar distances, the stars are divided into 
groups according to apparent magnitudes. <A certain factor can be intro- 
duced to allow for the difference in the average distances of stars at 
different galactic latitudes using, e.g., the ratio of the average secular 
parallaxes. 

In photographic proper motion determinations, when each photographed 
area contains a large number of stars, one generally calculates the average 
p, and Hy for stars of various apparent magnitudes in a given area, and the 
a and 6 of the individual stars can be replaced by the coordinates a, and 6, 
of the area center. The peculiar motions are on the average set equal to 
zero. Eqs. (20) are then written in the form 


— — z@sina,— yo C05 a = Zo cos a, sin 8.1y,,sin a, sind, —2,,cos 6 
1, = 2 9", pb, =—2 : fied pda e7 "3 £. (21) 


kr ¥ kr 


To find the projections of the Sun's velocity, a set of these equations 
drawn up for numerous areas is solved by the least squares method. 
Combining the two systems of normal equations obtained from (21) for n, 
and p,, we get 


t@ >; (1 — cos? a cos? 8) — No >; sina cos acos?  — ¢g >) cosa sin dcos6 = 
=> p,sina+ > p, cosasin3, 
— tg Dd} sinacos acos?6 + ng >, (1 —sin?acos? 8) — Bp >, sina sindcosd = 
= —Dp.cosa + >) p, sinasind, 
~ to Dicosa sin dcos6— to d:sina sin $cos6-+ Yq D,cos?6 = — > pcos 6d. 
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Here for brevity @, 119, d5 stand for 2., 2, =, respectively, and the 
; ; = 
subscript ¢c of a and 6 has been omitted. 

In general, Eqs. (20) and (21) contain as unknowns the precession 
corrections and galactic rotation terms. If the precession and the galactic 
rotation are not required, the proper motions are first corrected for 
these effects. 

Having found {, ny and #5, we insert the results in Eqs. (5) dividing both 
sides by fr. For a star situated precisely at the Sun's apex at an average 
distance 7 with zero peculiar motion, Eqs. (5) take the form 


oy = a cos .l¢,cos Ds, 


° o- 
no = a sin Ay cos Da, (22) 
va 
bo=-& sin D 
= ——S1 
9 dr et 


where Ag and Ds are the right ascension and the declination of the Sun's 
apex, tis the total velocity of the Sun in km/sec. 
From Eq. (22) we readily get 


(23) 
ea 
ke 
Note that f>, no, to, like =, are expressed in seconds of arc per year. 
in 


Hence -© is in fact the secular parallax of the given group of stars. The 


coefficient &£= 4.738 (see §137). To find the velocity of the Sun in km/sec, 
the average distance ris required (in parsecs). 

The fundamental equations (20) were proposed in 1859 independently by 
twoauthors, M.A. Koval'skii (Recherches astronomiques de l'observatoire 
de Kasan, No.1) and G. Airy (M.N. R. Astronom. Soc., Vol.19, 175). This 
method for the determination of the elements of Sun's motion is thus 
appropriately called the Airy-Koval'skii method (see D. Ya. Martynov.— 
Astron. Zh., 27, No. 3:169, 1950), 

The coordinates of the solar apex have been repeatedly determined from 
the proper motions of various Star groups. For the bright stars approxi- 
mately up to 9th apparent magnitude, the apex coordinates are found to be 
close to 


dg=270°, Dog= +30° = (1900.0). 
We shall see inthe following that the radial velocities of the bright stars give 


on the average the same results, and these apex coordinates are therefore 
used as the standard. In the galactic system of coordinates we have 


lg= 24, bg = +.22°. 


§ 143. DETERMINATION OF THE ELEMENTS OF SUN'S MOTION 


The fainter stars give a different apex for the Sun. Thus according to 
Pulkovo determinations for stars between photographic magnitudes 9 and 
15 measured in Kapteyn's areas 


lo =285° 42°, Do= +36° + 1°. 


The difference is possibly due to the higher percentage content of the 
dwarfs among the faint stars, as their velocities relative to the Sun are 
high. 

Stars with large proper motions increase the right ascension of the 
apex by 15—20° and the declination by 5—10° compared to the standard 
values. 

On the other hand, McCormick Observatory data indicate that the 
position of the apex depends on the system of absolute proper motions used. 
The apex coordinates derived from the proper motions of the faint stars up 
to 13th magnitude in the GC system were, as in Pulkovo, 


Ao = 285° + 3°, Do= +36° + 2°, 


whereas calculations using the FK3 absolute system gave results very close 
to the standard apex 


Ag= 274° + 2°, Dg= +30°4 1°. 


The results are apparently influenced by the biased errors of the funda- 
mental catalogues. 

The apex poSition determined from proper motions showed no dependence 
on the spectral type of the stars. 

It should be emphasized, however, that in relation to various special 
groups of celestial objects, e.g., certain types of variables, globular 
clustérs, galaxies, the coordinates of the Sun's apex and its velocity may 
greatly deviate from the standard values. This is particularly pronounced 
in the study of radial velocities, which can be determined for the relatively 
distant objects too. 

§143. Determination of the elements of the Sun's motion from radial 
velocities. Consider the third equation in (6), in which we isolate the 
peculiar component of radial velocity v;. Then 


U,= —rgc0s acos6 — yo sinacosd— zesind+u;, (24) 
where a Yo: ~%q are the projections of the reflected motion of the Sun. 

Given a sufficient number of these equations, the least squares method 
can be applied to find the sought projections of the solar motion assuming 
that the peculiar components mutually cancel. Then, by analogy with 
Eqs. (23), we have 


ta A a ig D, ce 
gAg=—; = | 
i) Vizd+u3, (25) 
we= VY Tt YO+ 20: 


Here the velocity of the Sun z, is in km/sec. 


@ 
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The coordinates of the Sun's apex according to various determination 
of the radial velocities of bright stars up to apparent magnitude 5—6 gave 
the standard value 


| +2707, Dg=+30° (4900.0). 
The velocity of the “in relative to these stars was found to be 
v= 19.5 km/sec, 


which was also adopted as the standard value. 

However, the velocity of the Sun and the apex coordinates in relation 
to special groups of celestial objects show merked deviation from the 
standard. 

Thus, in relation to the long-period cepheids, we have 


dAg= 287°, Dy= +40", uy=19 km/sec (Parenago, 1946). 
In relation to the short-period cepheids 
Azy= 303°,  Dy= +419, vg9=140 km/sec (Pavlovskaya, 1953), 
The globular cluster give 
Ag=301°, Dy= + 48°, tw =168 km/sec (Mayall, 1946). 
For extragalactic nebulae 
Ay = 343°, De= +50", w=290 km/sec (Humason, 1955), 


No clear dependence on spectral character:stics of stars was observed. 
The right ascension of the Sun's apex somewhat increases on passing 
from the early main sequence types to late types. This is accompanied by 
a certain increase (approximately by a factor of 1.5) in the velocity ug rela- 
tive to the dwarfs compared to the velocity relative to the giants. 

In Parenago's opinion, all the kinematic characteristics of the main 
sequence Stars, the parameters of the Sun's motion included, markedly 
change in the spectral type F. Thus, the coordinates of the Sun's apex and 
its velocity relative to stars of spectral types from B to F are almost 
constant, then they change rapidly (a, and 4. increase, D, decreases) 
in spectral type F, and remain without any further substantial change in 
types G,K, and M. 

§144. The K effect. In early works on the determination of Sun's motion 
from radial velocities it was noted that the introduction of a constant term 
in Eq. (24) in some cases ensures a better fit with observations. This term 
is known as the A term, andthe corresponding phenomenon as the &K effect, 


t, = K —1,,, cosacosd—ye@sinacosd— zpsind +0;. (26) 


The K term was found to depend on the spectral type of the star. It is 
maximum for stars of types O and B, decreases markedly for A stars and 
is almost zero for late-type stars. 

Table 2 lists the values of the A term for various spectral types 
according to the determinations of different authors. The errors in 
these determinations are of the order of a few tenths of a kilometer 
per sec. 
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The nature of the A effect is not entirely clear. Literally, the A 
effect signifies that all the nearby O—B stars move away from the 
Sun in all directions. Systematic errors in the 
determination of spectral line wavelengths used 


TABLE 2 in radial velocity measurements or hypothetical 
Spec-| k-term, | Number motions in the atmospheric layers of the B stars 
trum km /sec crac cannot fully account for this effect. 
The K effect is partly explained by the gravi- 

o-B 14.8 929 tational red shift of the spectral lines in the field 

A 40.7 1242 . ; 

F 0/3 729 of the massive stars according to the general 

G —0.7 677 theory of relativity. The calculations of Plaskett 

K 0.0 1805 Z ie 

M 40.4 456 and Pearce give +1.3 km/sec for the gravitational 


red shift of B stars, which is one fourth of the 
total K effect. 

B stars often form groups witn common motion, 
and the constant radial velocity component is possibly associated with the 
group motion of at least some of the stars. A local stream of B stars is 
observed in the constellations of Scorpius —Centaurus in the Southern 
Hemisphere. Note that according to the observations of some authors the 
K effect is observed only for the bright B stars. Thus, Nordstrom found 
for 353 stars brighter than 6 mag. A= +4.2 + 0.6 km/sec, and for 379 faint 
Stars K= -1.8+0.9km/sec. 

§145. Kapteyn's "selected areas". We do not require complete information 
on all the stars in the sky for purposes of statistical studies in stellar 
astronomy. This would involve enormous expenditure of effort and could 
hardly be carried to completion by all the observatories in the worlds. 

In 1906 the Dutch astronomer Kapteyn proposed a program for the 
investigation of various characteristics of stars, up to the very faintest, 
in selected areas of the sky. This selective approach, not unlike William 
Herschel's method of Scoops," provides statistically valid information on 
the structure of the Galaxy and its dynamics. Kapteyn's program of selected 
areas comprises two parts: systematic, in which 206 areas uniformly dis- 
tributed over the sky are examined, and special, encompassing 46 areas, 

mainly lying in the Milky Way. The first step is to 
carry out the systematic part of the program. 


TABLE 3 The frequency of declinations of the centers of the 
umber 206 areas is given in Table 3. In right ascension the 
6 of tare areas are distributed at one-hour or larger intervals, 
depending on declination. The size of the areas is 
cord Pc not precisely defined: it depends on the instrument 
+60 24 used and the aim of the observations. The field size 
£3 oH is generally between one and a few square degrees. 
£15 - For the stars in the selected areas one determines 


the position, the photographic, visual, and photo- 
visual magnitudes, color, spectrum, proper motion, 
radial velocity, and other characteristics. The 
limiting stellar magnitude clearly differs according to the instrumental 
methods used in the determination of the various parameters. 

Over the last 50 years Kapteyn's program underwent some changes. For 
example, the determination of trigonometric parallaxes was dropped, since 
the distances of the great majority of stars were found to lie beyond the 
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accuracy of trigonometric measurements. New problems arose, involving 
determination of photoelectric stellar magnitudes, absolute stellar 
magnitudes, star light polarization, etc. 

Numerous observatories in various countries take part in Kapteyn's 
program, which currently comprises the following stages. 

a) Catalogue of positions and stellar magnitudes. A 
catalogue listing the positions (up to I‘ in aand 1” in 6) and the photographic 
magnitudes of all the stars up to 16 mag. on the average was compiled for 
the 206 systematic areas. Field size 40'x40', 60'X60', and 80'X80' for 
low, medium, and high galactic latitudes, respectively. The equatorial 
coordinates of the center of each area are given. The work was carried 
out in Groningen (Holland) using the Harvard plates and published in 1918— 
1924 in three volumes. 

An analogous catalogue for the 46 special areas was published in 1952 
in two volumes. 

b) Photographic, visual, and photovisual magnitudes; 
color indices and spectra. The photographic magnitudes of stars 
up to 18--19 mag. were determined at the Mount Wilson Observatory for 
39 of the systematic areas from the North Pole to declination circle —15°. 
Field size 15'X15' at galactic latitudes below 40° and 20' X20' for higher 
latitudes. For areas at latitudes below 40° additional stars are given, which 
increase the effective field size almost to 20'X20'. This catalogue was 
published in 1930. 

Another project of the Mount Wilson Observatory is the publication of 
a catalogue of photovisual stellar magnitudes to 14—16 mag. for the same 
areas. 

For the southern zones from —I[5 to —90° the photographic magnitudes 
of stars brighter than 10".5 were determined at the Observatory of Leiden 
from photographs taken in Johannesburg (South Africa). Field size 16 sq. 
degrees. The catalogue was published in 1957. The survey is continued 
with the object of covering all stars up to 14 mag. in these areas. 

The Abastumani Observatory completed the determination of the color 
indices for stars from 10 to 13 mag. in 43 areas in zones from the North 
Pole to declination +45°. Each area was 2X2°. The catalogue was pub-~ 
lished in 1949. The project is now continued for the zone +30°. 

Tikhov's method of the longitudinal spectrograph was applied at the 
Pulkovo Observatory to determine the color indices of the Bonner 
Durchmusterung (BD) stars which fall in Kapteyn's areas. Field diameter 
4°. Catalogues for zones from +90 to +15° were published at the Pulkovo 
Observatory in 1937 and 1951. Catalogues for zones 0° and ~15° are in 
preparation. 

The Hamburg Observatory in Bergedorf published a catalogue of star 
spectra uptol3thphotographic magnitude for all the 115 northern Kapteyn's 
areas, the equator included. Field size 3°.5X3°.5. The catalogue was 
published in 1935 —1953 in five volumes. The photographic stellar magni- 
tudes in this catalogue were measured at Groningen from Harvard plates. 

In addition to the above projects, various observatories carried out 
determinations of stellar magnitudes in individual zones and areas. A 
complete list of publications and detailed information on current and future 
projects will be found in the reports of Committee 32 of the International 
Astronomical Union. Since 1961 they are published in the reports of 
Subcommittee 33,. 
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c)Proper motions. The relative proper motions of thousands of 
Stars up to 15 mag. in the northern areas were determined at the Radcliffe 
Observatory (Oxford) and at Pulkovo. Field size from 20' X20' to 80'X80'. 
The corresponding catalogues were published in 1934 and 1940. 

Photographic observations of the first epoch have been completed in some 
other observatories, and second-epoch photographs are now being taken. 
Algiers, Helsinki, Cape and other observatories use old Carte du Ciel 
photographs coinciding with the selected areas for the determination of 
proper motions of stars up to 12 mag. 

d) Radial velocities. The radial velocities of the brightest stars 
in the northern sky areas were determined in some observatories. The 
radial velocities of 467 stars brighter than 9 mag. in 139 areas from 
declination +90 to —15° were determined at the Mount Wilson Observatory 
and published on pp. 485—495 of the 1952 IAU Proceedings. 

For areas 140—206 in the Southern Hemisphere, measurements of 
radial motions of the GC stars with proper motions over 0''.1 are being 
carried out at the Cape Observatory. 

Haute-Provence Observatory (France) has launched a project involving 
determination of the radial velocities of stars up to 10 mag. by a direct- 
sight objective prism in all the Northern Hemisphere areas. Field size 
3°x 4°. 

Other characteristics of stars in the selected areas are also being 
determined. Thus, at Stockholm, the spectroscopic absolute magnitudes 
of stars up to 13.5 photographic mag. in 15 northern areas were determined. 
The results were published in 1951, 1955, and 1956. 

At the Abastumani Observatory, the spectroscopic absolute magnitudes 
of 766 B—A stars brighter than 9 mag. in 44 Kapteyn's areas were deter- 
mined. The results were published in 1958. 

Variable stars, binary stars, and stars with large proper motions are 
being studied in Kapteyn's areas. Full bibliography is currently published 
in the reports of the IAU Committees. 

The observational data collected in various observatories under 
Kapteyn's program served as the basis for numerous stellar-statistical 
studies pertaining to the structure and the dynamics of the Galaxy. 

Note that new programs of galactic research were laid down in recent 
years following the rapid advances in various branches of astronomy. Thus, 
the Pulkovo Observatory devised a program of photographic observations 
of galaxies with the object of tagging the proper motions of stars up to 
17 mag. in 300 areas all over the sky. Theareasizeis about 4sq. degrees. 
The program has been successfully launched on an international scale, in 
numerous observatories over the world. 

The Lick Observatory has completed the set of first-epoch photographs 
for the entire sky area from the north pole to declination —23° on plates 
covering 36 sq. degrees each. These photographs will eventually be used 
to determine the absolute proper motions of stars up to 18.5 mag. relative 
to the weak galaxies. 

Parenago (the Shternberg Institute) proposed a complex program for a 
number of areas of particular interest in the Milky Way. Numerous 
observatories participate in this program. 

§146. The centroid. Residual star velocities. Let P(z,y,z)be a point in 
the star's system. Consider a volume @Q containing this point and a 
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sufficiently large number of stars n. The star velocities in this volume 
follow a certain distribution. We can calculate the average velocity 


a ate (27) 


where vw, is the velocity vector of the i-th star. 

The average velocity, which is in fact the velocity of the geometrical 
center of the given system of stars, differs from the center of inertia 
velocity of the system in that it does not account for the difference in 
stellar masses. 

Let us now make the volume Q progressively smaller. The average 
velocity (27) changes in the process. Formally the centroid velocity of 
P(r, y, 2) is the limit of the vector (27) as the volume Q goes to zero so that 
n—-1. The limit must be independent of the actual manner in which the 
volume is contracted. 

As the stellar system is a discrete structure and the stars all have 
different velocities, the mean (27) has no limit in the proper sense as Q is 
contracted to zero. As Q is made progressively smaller, the change in 
the vector (27) following the omission of each successive Star from the 
volume becomes progressively more Significant and the final (for n= 1) 
value of this vector depends on the particular star which remains, together 
with the point P, inside the infinitesimal volume Q. 

Therefore, the concept of a centroid and centroid velocity defy rigorous 
definition. The following approximate definition can be advanced, however. 
The centroid velocity of P(x,y,z) is the average velocity of the stars inside 
a sphere of radius r centered at P(z,y,z). No exact value can be assigned 
to the radius r It is approximately estimated in the following way. Con- 
sider an assembly of spheres of a fixed radius r tangent to the sphere @. 
For each of these adjoining spheres we can calculate the average velocity 
of the contained stars. Let Az be the largest difference between the average 
velocity vectors of the spherical volume Q and an adjoining spherical 
volume. The radius r Should be decreased until the change in (27) asso- 
ciated with individual stars lying outside the sphere is small compared to 
Av. The radius - defined in this way in rotating stellar systems is generally 
small compared to the radius of the entire system, and yet the number of 
stars in the sphere @Q will be large compared to unity. 

If we consider two neighboring stars and the centroids coinciding with 
these stars, the difference in centroid velocities in general is much less 
than the difference in the velocities of the stars. The introduction of the 
concept of centroids thus imparts to the stellar system a measure of 
continuity. 

Besides the general concept of a centroid, we are often dealing with 
special centroids. A special centroid is obtained if a certain subgroup 
with some common qualifying characteristic is considered out of all the 
stars inside the volume @Q, such as stars of a given Spectral type or stars 
with large proper motions. Special centroids clearly differ from the 
general centroid. 

The difference between the velocity of a star and the centroid velocity 
at the point occupied by that star is called the residual velocity of the star; 
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for example, the velocity of the Sun — 19.5km/sec toward the apex — is 
actually its residual velocity. Sometimes the term peculiar velocity is 
used for residual velocity. 

The kinematic properties of a stellar system are conveniently studied 
by considering the centroid velocity at each point and the distribution func - 
tion of the residual velocities at that pcint, instead of the total velocity 
distribution function of stars. 

Since the velocities of nearby centroids are not much different from one 
another, the residual velocities of the nearest Stars are in practice deter- 
mined by adding to the observed velocily the residual velocity of the Sun or, 
equivalently, subtracting from the observed velocity the parallactic velocity 
of the star associated with the motion of the Sun toward its apex. To find 
the residual velocities of distant stars, we should additionally consider the 
difference between the centroid velocities of the Sun and the stars. 

§147. Distribution of residual velocities. As we know, the velocities 
of molecules in a stationary gas show a Maxwellian distribution. The pro- 
jections of the molecular velocities on any direction are distributed as 


¥ 
N ~~ ae 
F (y) dy= aye ay, (28) 


where a is constant in all directions. If v,v,w are the rectangular velocity 
components of the molecules, the Maxwellian distribution of the three 
components is given by 


4 a.04,.% 
ee (tw) 
N rea 


F (u,v, w) dudydw= du do dw. (29) 


(22)°/2 g3 ‘ 
In (29), the surfaces of constant density have the form 
u? + vu" +" = const, 


i.e., these are spheres. The Maxwellian distribution is therefore a 
spherical distribution. This is a particular case of the general spherical 
distribution function 


F (uw, u, w) dududw = f (u? + v? + w) du dudu. (30) 


In a spherical distribution, all the directions are equivalent. 

Up to the beginning of the 20th century, it was generally assumed that 
the reSidual velocities of stars, by analogy with gas molecules, are dis- 
tributed according to (29). 

In 1904 Kapteyn established, however, that the star velocities have two 
preferred directions, which we called the vertices. If we eliminate 
the velccity of the Sun, i.e., consider the residual velocities of stars, the 
coordinates of the two vertices are 


first vertex a=91°, 6= +13°, 


second vertex a= 271°, = — 13°. 


The two vertices are thus at diametrically opposing points. 
Proceeding from this result, Kapteyn advanced his two-stream hypo- 
thesis. The star streams move in countercurrents, one with velocity u, 
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and the other with velocity u,, and are by now thoroughly intermixed. The 
residual velocities of stars in each stream relative to that stream (consi- 
dered as the centroid) show a Maxwellian distribution. The overall 
distribution of the residual velocities can thus be written in the form 


F (u,v, w) dudedw = 
{ re eer { 
s 1 [ nN, — aot ((u-u,) zu ew] No eo Sai ((u-u,, 
(Qa)? 


Po? ew] 


ap ra } du dudw. 

Unlike the Maxwellian distribution, which is described by a single 
parameter g, the distribution in Kapteyn's two-stream theory, requires 
seven parameters, at 0), Sy, u,,u,, and the two coordinates defining the 
direction of u,(andu,). The theory of Kapteyn's streams was developed in 
detail by Eddington. It follows from Eddington's results that the stellar 
population in each volume of space contains representatives of both 
streams. Therefore, if the existence of two streams is assumed, we are 
led to the conclusion that the two streams are ideally mixed. This feature 
imparts a definite flavor of artificiality to the two-stream hypothesis. 

A more natural point of view was advanced by K. Schwarzschild (1912). 
He simply suggested that the various directions are not equiprobable for 
the residual stellar velocities. The direction to the vertices of Kapteyn's 
streams is a preferred direction for some reason. The velocity projections 
on this direction are distributed according to (28), but since the velocities 
are greater in this direction, the parameter g characterizing the dispersion 
of the velocities is also relatively large. 

Thus, assuming a Maxwellian distribution but using different dispersions 
of the residual stellar velocities in the three mutually perpendicular 
directions, Schwarzschild proposed the following distribution for the rec- 
tangular components of the residual velocity vector of stars: 


tf u? 7 w 
: =5|—. ts 
F(u, v, w) du dvdw= f : ( of of 95 i du dw. (31) 


(22)? 6,020 


In this distribution the surfaces of equal density are ellipsoids: 


we 
oP Spe reo (32) 


Schwarzschild's distribution is therefore often called an ellipsoidal distri- 
bution. In fact, the general ellipsoidal distribution is 


F (u, v, w) dududw= f (+242 ) dudvdw, (33) 
so that Schwarzschild's distribution is a particular form of the general law. 

Schwarzschild's distribution has six parameters, o,,9,,0,, two angular 
coordinates which specify the direction of the component u, and one angular 
coordinate specifying the direction of the component v. 

Several methods have been proposed for the determination of these 
parameters from radial velocities of stars, their proper motions, and 
spatial motions (see, e.g., /15/), and these parameters were calculated 
from extensive statistical data. 
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TABLE 4 


Star groups 


a | 
ee ey 
ee ey 


ee ey 


dF2—dF4 .........6.., 
GFS—dF7 .........--. 
dF8—dG2 ......... eee 
dG3—dG7 .... 2. ee eee 
AGB—dK2.......2-0-6 
dK3—dK5........---. 
dM 


Irregular and semuregular 
M-type variables... 2... 

High-velocity giants .... . 

Short-period cepheids .... 


Pavlovskaya, 1953 


Interstellar gas clouds..... Erleksova, 1952 
Long-period cepheids, .... Parenago, 1946 
Open clusters........-.. Barkhatova, 1949 
Rand Nstars.....,.--. Wilson, 1935 and 


Ikaunieks, 1952 

Platenary nebulae....... Wirtu, 1922 
Globular clusters,....-.. Mayall, 1946 
White dwaffs .........4. Parenago, 1949 
Subdwarfs ..,.......-. bg . 
Mira Ceti stars, except those 

with periods of 150—200 

Gays .e cece een aee Kuhkovskn, 1948 
Mira Ceti stars with periods 


of 150-200 days...... 


The results are on the whole fairly consistent and amount to the 
following. 

1) The large axis of the velocity ellipsoid is directed toward the center 
of the Galaxy, the medium axis lies in the plane of the Galaxy at right 
angles to the direction to the center, and the small axis is parallel to the 
galactic axis of symmetry. 

2) The ellipsoid axis ratio is 1:0.62:0.50. This quantity is a highly 
stable characteristic (individual deviations do not exceed a few percent) 
which hardly depends on the type of stars considered. 

3) Whereas the ellipsoid axis ratio is highly stable for various statistical 
ensembles of stars, the actual length of these axes is greatly variable. 
This is evident from Table 4, borrowed from P. P. Parenago's "Course in 
Stellar Astronomy," which gives the results of determinations of the ellip- 
soid axes for various groups of stars and other objects. 

In this table, L and Bare the galactic longitude and latitude specifying 
the direction of the Sun's velocity relative to the centroid of stars being 
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considered, us is the magnitude of this velocity in km/sec, o,,0,, 0, are the 
semiaxes of the velocity ellipsoid in km/sec. 

The change in Z, B, and vg for objects of different types shows that these 
objects have different centroid velocities. The reason for this will be 
considered in §148 and §149. The semiaxes of the velocity ellipsoid are 
also highly variable. A very significant feature is that as we move from 
early to late spectral types, the semiaxes of the velocity ellipsoid at first 
slowly increase between BO and dF4, then rise rapidly between dF5 and 
dG7, and finally remain nearly constant after dG8. 

Several hypotheses have been advanced to explain this phenomenon. 
According to Parenago (1951), the main sequence Stars in fact fall into two 
Subsequences. This division is of cosmogonic character. The stars of 
the first sequence (from O to F) form in the disk subsystems and have low 
residual velocities (25 km/sec on the average), whereas the stars of the 
second sequence (from F to M) form in the intermediate subsystems and 
have large residual velocities (60 km/sec on the average). These two 
sequences overlap in the F—G region, which produces the steep increase 
in residual velocities rather than a discontinuous jump. 

The increase of the residual velocities between O and B, according to 
Agekyan (1950), is attributable to the interaction (gravitational and radiation 
pressure) of these high-luminosity stars with diffuse interstellar matter. 

M. Schwarzschild and Spitzer (1951) advanced a hypothesis which 
associates the large residual velocities of the late-type stars with the 
gravitational interaction (ignoring radiation pressure) between these stars 
and the massive dust clouds (m= 10° mo), 

The ellipsoidal velocity distribution is the most convenient approximation 
to the true residual velocity distribution of stars. It is based on an analogy 
with the Maxwellian distribution of the velocities of gas molecules. 
Boltzmann has proved rigorously that the Maxwellian distribution in a gas 
is established as a result of molecular interactions. Under normal condi- 
tions it takes a negligible fraction of a second to reach a Maxwellian 
distribution in a gas. 

The interaction between the stars should also lead to a Maxwellian 
velocity distribution. In open clusters, where stellar ecnounters are fairly 
frequent, the actual velocity distribution should in fact be close to Maxwell's, 
and the small deviations from the Maxwellian distribution are associated 
with the inevitable escape from the clusters of stars with supercritical 
velocities. In the galactic field, on the other hand, a tremendous length 
of time, substantially exceeding the age of our Galaxy, is required for the 
establishment of Maxwellian velocity distribution. It will be shown in §158 
that the ellipsoidal distribution is at variance with observations. Dynamic 
considerations only give an elliptic distribution of the projections of small 
residual velocities on the plane of the Galaxy, 


F(u, v) dudu=f (+=) du dv. (34) 


There are no indications that this distribution actually coincides with 
Schwarzschild's distribution (31). 

The general problem of determining the distribution of the residual 
velocities from the observed radial velocity distribution in different parts 
of the sky was considered by Ambartsumyan (1936). The solution of this 
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problem using proper motions was obtained by Sobolev (1938). These 
methods, though of considerable theoretical significance, are not very 
suitable for practical applications. Let us consider a simpler, though less 
general technique, which gives the moments of the velocity distribution 
function from the observed radial velocities. 

Let dw be a small solid angle with galactic coordinates / and 4, where / 
is reckoned from the direction to the center of the Galaxy. The number of 
stars with radial velocities between ve, and v,1dv, in this solid angle is 


N (2, 6) M(u,, ¢, 6) dv, do, (35) 
where N(i, b)is the surface number density of stars, and 9(»,, f, b)is the 
normalized distribution function of radial velocities. 


If u’, v’', and w’ are the rectangular components of the star's velocity 
relative to the star, we have 


v,= tu’ + qu’ + tw’, (36) 
where £, yn, and ¢ are the direction vosines defined by 


E=cos/icosb, my=sinicosb, C=sinb, 


Let further —u,,.—», and —w, be the rectangular components of the residual 
velocity of the Sun, and u, v, and wthe rectangular components of the star's 
residual velocity. Further suppose that we are dealing only with the 
nearest stars, so that the difference in the centroid velocities of the Sun 
and the stars is negligible and we may write 


u=u'—u, v=v'—u, wWw=w'—e. (37) 


The average components of the residual velocities are by definition 
zero: 


u=0, v=0, w=0, (38) 
and therefore 
u'=Uy, v=, Ww =wW. (39) 
Hence it follows that 
De = Bug + TU + Cy. (40) 


If F(u, v, w) is the sought distribution function of the residual velocity 
components, we have 


N (1, b)O(,, 1, b) dv, do = N (I, b) do | F (w, 0, w) dy, (41) 
(T) 


where. dy = du’ dv’ dw’ and the integral in the right-hand side of (41) is over 
the velocity in the velocity space between the two surfaces 


vu, = Gu’ + nu’ + tw’, } (42) 
0, + du, = Eu’ + nu’ + Cw’. 


Cancelling, we write (41) in the form 


D (vp, 1, b) dv, = { F (u, v, w) dy. (43) 
(r) 
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Multiplying both sides of (43) by (v,- 0,)? we integrate over v, from —ato 
+o remembering that relations (36) and (40) hold true for each v, and a 
furthermore note that since (f) is the volume between two parallel planes 
distant dv, from each other, integration in the right hand side over vu, from 
—oto +m in fact amounts to integration over the entire infinite space. 

If we change over to the variables of integration u, v, and w, the volume 
of integration clearly remains the same. Thus, 


boo +t +00 +oo 
{ (2,8)? O (0,1, do, = { { [ Gut nu+ tw)? F (u,v, w)dudvdw. (44) 


For the central moment of p-th order of the radial velocity distribution 
function in the left-hand side of (44) we write V,(/, 6). Let us further 
consider the corresponding moments of the function F: 

+0 +a +o 
Viegaé \ \ { u'ww* F (u, v, w) dudu dw. (45) 


—c o-oo 


Seeing that 


(a+b+c)? = > nin a‘bic (46) 


Itjth=p 
and using in (44) the fundamental properties of integrals, we obtain 


1 ein; 
Vi, b= by Far Sniev,, jee (47) 
itith=p 


Eq. (47) relates the moments of the distribution of radial velocities to the 
moments of residual velocities. The left-hand sides of Eqs. (47) are found 
from observation. The number of distinct equations for each pis clearly 
equal to the number of sky areas examined. Therefore, each of the 
equations in (47) yields a redundant system of equations, and the least 
squares method can be applied to find the moments of the residual velocity 
distribution function. 

If Fis symmetric, i.e., even in each of its arguments u, v, and w, then 
V..,,.18 zero if any of the subscripts i, j, 4 is odd. 

Let us write out Eq. (47) for p= 2: 


Vi (2, 6) =EV 5, po +1°V 5, 2, oF ov, 0,2 2EMV 1, 1,0 + 2EEVy, 01+ 20M o, 1. 1- (48) 


If the assumption of a symmetric distribution is valid, and the u, v, and 
w axes are the symmetry axes of the distribution, the coefficients V,,,.,V4,0,., 
and V,,,,, are so small that-their sign will be unstable. 

Thus if the distribution is indeed symmetric, terms with at least one 
odd subscript can be dropped in (47) for p= 4. Then 


V,(2, b)= EV oot nV, sot SV 5, oar 6EnVo, 2,07 6E7OV o, oet i al Cee (49) 


If the residual velocities follow a Schwarzschild distribution, the moments 
obtained by the least squares method from (49) satisfy the approximate relations 


Ve. 2,0=Ve.0,0°%0, 2.03 Vo, o2=V2,0,0°Vo0. 2% | (50) 
V,,0,0 = 3V3, 0, 03 Vy, 40> 3V%, 2,0) Vi, oa 3V5, 0,2- 
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The deviations of the actual moments from (50) provide an indication to 
what extent the Schwarzschild distribution is a good approximation to the 
actual residual velocity distribution. 

Finally, Eq. (47) for p= 3, 


Val, 6) SEV 3,.0,0 7 1M 0, 0+ SV 0. 0,3 (51) 


enables us to evaluate the skewness, if it is not particularly large. In 
this equality terms of the form §*n/,,,, and the term énéV,,,,, were dropped, 
since in the case of small skewness they are small compared to the 
retained terms. The skewness is assesSed in terms of the ratios 


‘a. - 7 sail , Vo. . (52) 


If the moments V,,1,0: Vy,o1» Vo... obtained from the solution of (48) are not 
small, this is either an indication of a skew distribution or, if the distri- 
bution is definitely symmetric (and the symmetry axes are orthogonal), 
this shows that the directions u,v, and w donotcoincide with the symmetry 
axes of the distribution. Standard algebraic techniques should therefore 
be applied to transform the distribution to principal axes. To this end, we 
solve the so-called secular equation 


Vy, oo A Viewo Vy ov) 
A= Viewo Vo.ao— 4 Vo. tel =0. (53) 
Vivo Vow Vo. Op oA 


The roots 4,, 4,. 4, are the reciprocal values of the dispersions of the 
velocity components along the principal axes, and the direction cosines 
l, m, n of these axes are obtained from the equations 


{ m n i 
>~=S> ES Se FS, 54 
Gi Giz Gin Ci + G3 + GF, 22) 


where G,,,G,.,G,, are the minors of the elements of the first row of the 
determinant in (53) with 4,, 4,, 4, successively substituted for A. 

The moments of the residual velocity distribution can be similarly found 
using observations of proper motions or spatial velocities. These methods, 
however, are more complex and not as reliable as the methods based on 
radial velocities. If the proper motions are used, exact parallaxes of the 
stars are required. The parallaxes, however, are known only for few stars 
and even then with relatively large errors. The problem can be solved 
approximately if the parallaxes of the various stars are set equal to their 
common average parallax. This assumption, however, gives poor results. 

When spatial velocities are used, it should be remembered that the 
starting obServational material is unreliable, since the spatial velocity is 
found from observations of the radial velocity, two components of the 
proper motion and the parallax. All these quantities are usually determined 
with different relative errors, So that the available spatial velocities do 
not constitute a homogeneous sample. 

§148. Asymmetry of stellar motions. The residual velocities of stars 
follow a symmetric hstribution if one takes into account the effect of 
obServation errors and natural fluctuations. This property, however, is 
found to be characteristic only of speeds not exceeding 62km/sec. Higher 
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residual speeds show a distinctly skewed distribution. For these speeds 
the allowed directions all lie in the range of galactic latitudes 130°<2< 340°. 
The other directions covering about 40% of the sphere are "forbidden" for 
large velocities. It is significant that the skewness is not a continuous 
function of stellar velocities; in other words, it does not appear for moderate 
velocities gradually increasing toward the higher speeds, but it actually 
changes in a jump, from zero for velocities less than 62 km/sec to a finite 
and fairly uniform value for all velocities greater than 62km/sec. This is 
clearly evident from Figure 170, borrowed from Oort's book (1926). The 
figure gives the galactic longitudes of the characteristic directions for 
three groups of velocities, 50<v<62km/sec, 63 <v<99km/sec, v> 
> 100 km/sec. 

In all the diagrams, the radius of the dashed circle corresponds to 
62 km/sec. 
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We see from the figure that velocities slightly less than 62 km/sec show 
an almost symmetric distribution, whereas velocities slightly above 
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62 km/sec have a distinctly skewed distribution; furthermore the skewness 
is nearly the same as for stars with vu >100km/sec. 


1=145° 


FIGURE 171 


This phenomenon was first correctly interpreted by Lindblad /19/. He 
suggested that the Galaxy rotates around an axis perpendicular to the sym- 
metry plane. The centroid of the Sun, in its motion around the center of 
the Galaxy, has a velocity directed to the point = 55°, 5=0°. The speed 
of 62 km/sec is the difference between the critical speed in the neighborhood 
of the Sun (i.e., the speed sufficient for overcoming the gravitational 
attraction of the Galaxy and escaping into the intergalactic space) and the 
speed of the Sun's centroid. Therefore, if a residual velocity in excess 
of 62 km/sec were to show a direction of about /= 55°, the geometrical sum 
of this velocity and the centroid velocity would exceed the critical speed. 

A star with such a supercritical velocity would clearly leave the Galaxy. 

We see that even if stars with high residual velocities pointing in the sense 
of galactic rotation had existed at some time, they would have escaped from 
the Galaxy long ago, so that no such stars can be observed at present. 
High residual velocities pointing against the sense of galactic rotation are 
of course quite permissible, if we allow the rotation velocity of the Galaxy 
at the given point (i.e., the velocity of the Sun's centroid relative to the 
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center of inertia of the Galaxy) to be much greater than 62km/sec. In 
Figure 171 each point represents the speed and the direction of a star in 

the galactic plane relative to the galactic center of inertia. Zero velocity 
is assigned to the point 0. The velocity of the Sun's centroid is represented 
by the point C, having the direction /= 55°. The length of the radius- 
vector OC corresponds to the Sun's centroid speed «,. Clearly, the radius- 
vectors which can be drawn from the point C to the various points in the 
diagram determine the magnitude and the direction of the residual velocities 
of the corresponding stars. Thus, the radius-vector Cs, 19.5km long and 
directed to the point with /= 23°.5, corresponds to the individual velocity 

of the Sun. The radius of the dashed circle around the point O in the figure 
is equal to the critical velocity «,. The segment CB corresponds to 62 km/sec. 
The distribution of the points in the diagram is such that none of them lie 
outside the critical velocity circle. This clearly requires an asymmetric 
placement of the distant points relative to the point C, whereas the nearby 
points show a symmetric distribution. Figure 171 reveals that stars with 
large residual velocities move comparatively slowly relative to the galactic 
center of inertia. Finally note that it is because «, is much greater than 

62 km/sec (OB » CB) that the skewness shows abruptly at residual velocities 
above 62 km/sec and hardly increases at higher velocities. It is readily 


seen that if, for instance, 2 were equal to 2, the skewness would follow a 


different pattern. 
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Stromberg (1925)compared the centroid velocities of various groups of 
objects (special centroids) with their dispersions. The results are shown 
in Figure 172. Here the center of each circle corresponds to the centroid 
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velocity, and the radius of the circle is equal to the dispersion of the 
velocities of the corresponding objects. The centroid velocities are taken 
relative to the Sun, and not the Sun's centroid. The actual radii of the 
cross-hatched circles are so large that they cannot be shown to scale in 
the diagram; we therefore represent them by small circles, indicating the 
corresponding radius. The following two regular features are clearly 
observed: 1) the centers of all the circles fall along a single straight line; 
2) the greater the centroid velocity relative to the Sun, the higher is the 
dispersion of the velocities of the corresponding objects. 

These features can be interpreted as follows. Let v. be the centroid 
velocity relative to the center of inertia of the stellar system, a the 
residual velocity of the object, w the total velocity, i.e., the velocity 
relative to the center of inertia. Then by definition 


w=vesTv. (55) 


Squaring and averaging we obtain 


w= vi4-2v,-9 +07. (56) 


If the residual velocities are symmetrically distributed, the scalar 
averages out ot zero, and we get 


Pave pu, (57) 


where v?is the dispersion of the residual velocities. 

Now suppose that the mean square of the total velocities is the same for 
the different subsystems. Then the maximum centroid velocity corresponds 
to the subsystem with zero dispersion, This centroid velocity v. is repre- 
sented by the point in Figure 172. If now the directions of all the special 
centroids coincide, we see from (57) that (a) the higher the disperison of 
velocities in the subsystem the greater is the difference between o,, and the 
centroid velocity and (b) all the vector differences between the velocities 
¥..and the subsystem centroids fall along one line. 

The skewness of the large velocities is also responsible for the pattern 
observed in Figure 171. Indeed, if equal residual speeds are considered, 
we see from Figure 171 that the higher the speed, the greater the dispersion 
of the residual velocities. The figure shows, however, that the greater the 
speed the less is the mean value of the projections of the corresponding total 
velocities on the OC axis, i.e., the less is the centroid velocity. 

It follows from the preceding that if we assume a rotating Galaxy, the 
direction of the line OC in Figure 171 and of the straight line in Figure 172 
should coincide with the direction of galactic rotation. 

The asymmetry of stellar motions thus provided the first indication of 
galactic rotation. 

§149. The effect of galactic rotation on radial velocities and proper 
motions. The field of force responsible for the motion of stars in the 
Galaxy is internally generated, i.e., the Galaxy is a self-gravitating system. 
The law of galactic rotation is therefore a function of the distribution of 
matter density in the Galaxy. 

If our stellar system had a uniform density, it would rotate almost as 
a rigid body, with all the centroids revloving about the center of the Galaxy 
with nearly constant angular velocity. In this case, the distance between 
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any two centroids would remain constant, and the galactic rotation would 
have no effect on the radial velocities of stars; it would not affect the proper 
motions of stars either. This is not so, however. Clearly, if the Galaxy 
rotated as a rigid body about an axis through the galactic pole, the point on 
the celestial sphere detined by the direction from one centroid to another 
would move uniformly along the galactic parallel with a period equal to the 
galactic rotation period. Since the galactic system of coordinates, like 

the equatorial system, is fixed, the rigid-body rotation of the Galaxy would 
add a term equal to w(the angular velocity of ratation of the Galaxy in 
seconds per year) to the proper motion in galactic longitude p,. This term 
would be the same for all the stars and it could not be detected in differen- 
tial measurements of proper motions, although it would immediately emerge 
from absolute measurements of proper motions. The latitudinal proper 
motion p, would not be affected by the rigid-body rotation of the Galaxy. 

If the entire mass of the Galaxy were concentrated at its center, the 
stars would revolve in Keplerian orbits. This would also approximately 
hold true for the Sun and the nearest stars, provided that they were located 
outside the bulk of the Galaxy. In Keplerian motion, as we know, the mean 
angular velocity of revolution rapidly decreases with distance from the 
center. 

In other star systems, galaxies and star clusters, the stellar density or, 
equivalently, the surface luminosity (in yellow and red light) on the whole 
decrease away from the center. By inference this property is also appli- 
cable to our Galaxy, so that in fact we are probably dealing with an inter- 
mediate case between the two extremes of a homogeneous density system 
and a central mass concentration. This signifies that the rotation velocity 
in the Galaxy should decrease away from the center, although not as fast 
as prescribed by Kepler's law. 
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Figure 173 presents eight numbered centroids which are located 
symmetrically relative to the Sun's centroid Sin the plane of the Galaxy. 
The galactic center is to the right, in the direction /= 327°. The galactic 
rotation is at right angles to the direction to the center, 1/= 57°, say. The 
centroids 1,2,3, closest to the center of the Galaxy, should have higher 
angular velocities than the centroids 4, 5,8, and these three should have 
higher angular velocities than the centroids 5,6,7. In this case, as is 
easily seen centroid 1 will be carried progressively farther away from S 
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by the differential rotation of the Galaxy, i.e., it will have a positive radial 
velocity; the instantaneous distance of centroid 2 from S does not change, 
i.e., its radial velocity is zero, etc. If the radial velocity of the centroid 
is not zero, itS Sign is marked outside the parentheses in the figure; other- 
wise a nought is written. We see that the radial velocity caused by the 
differential rotation is characterized by a double longitudinal wave of the 
form ~sin(/ — |). 

Since the centroids 1,2,3 catch up with § and the centroids 5,6,7 lag 
behind, the differential rotation of the Galaxy should clearly introduce a 
positive term to the longitudinal proper motion of all these centroids; the 
largest positive contributionis for centroids 2 and 6, whereas for centroids 
4 and 8 this contribution is zero. The sign of the contribution is shown in 
parentheses in the figure. The proper motion produced by the differential 
rotation of the Galaxy is also described by a double longitudinal wave, 
though of a different form, ~1 + cos(/— |). 

The differential rotation of the Galaxy can be interpreted as the rotation 
which is obtained on subtracting the observer's angular velocity from the 
angular velocity of each centroid. The galactic rotation is therefore made 
up of rigid-body rotation with observer's centroid angular velocity plus 
differential rotation. We have so far only considered the effect of differen- 
tial rotation. On passing to the rigid-body component, we should remember 
that it does not affect the radial velocities, whereas the longitudinal proper 
motion introduces a constant term for all the centroids, equal in magnitude 
tow. According to Figure 173, this term is negative. Thus, if rigid-body 
rotation is taken into consideration, the parenthetical sign for centroids 4 
and 8 in Figure 173 should be minus, and for the rest of the centroids it 
depends on the relative magnitude of the two terms: the positive one due to 
the differential rotation and the negative one produced by the rigid-body 
rotation of the Galaxy. 

§150. The differential field of centroid velocities. Its effect on the 
observed stellar motions. In the previous section we have qualitatively 
considered the terms in radial velocities and proper motions of stars 
assuming that all the centroids in the Galaxy simply revolve around its 
center. A quantitative solution of this problem was first proposed by 
Oort (1928), who can thus be regarded as the initiator of the study of 
galactic rotation. 

A more general problem was considered in 1932 by Ogorodnikov, who 
assumed arbitrary motions of centroids in planes parallel to the plane of 
the Galaxy. In 1935 Milne generalized Ogorodnikov's theory to the case 
of centroid motion in three dimensions. 

Let Av (z,, z,, 23) be the vector difference in the centroid velocities 
between the field point (z,,2,,z,;) and the observer at (0,0,0). The z, axis is 
directed to the center of the Galaxy, the z, axis at right angles to z, in the 
plane of the Galaxy (/= 55°), and z, parallel to the galactic symmetry axis. 
Let u,, u,, 4 be the components of the vector Av in this frame. 

Further consider a moving frame (r,/, b), where the first axis is directed 
to the point (z,, 2,,2,), the second axis lies in the plane of the sky in the 
direction of increasing galactic longitudes, and the third axis in the plane 
of the sky in the direction of increasing galactic latitudes. The projections 
of Av on these axes respectively give Av, — the radial velocity of the centroid, 
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Av, — the projection of its transversal velocity in the direction of increasing 
galactic longitudes, and Az, —the projection of the transversal velocity in the 
direction of increasing latitudes. These projections are expressed by the 
relations 
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where the directions cosines 4 are arranged in Table 5. 


TABLE 5 


lo 


Ai 


ui ~sindsin(I~f,) cos 6 


eee cos 6 cos (! — f,) 
| — sin bcos ({~1,) 


cosb «rn (l—Iy) | sin’ 


T 
—sin (/—1,) | cos (f— Ip) 


In the table, / and 6 are the galactic coordinates of the direction to 
(z,, 2, 23), and 2, is the longitude of the galactic center. 


3 
Now, since the centroid field is continuous and r= ) >) z2 can be taken 


i=1 
sufficiently small, we expand u,(z,, z,, z;)in a Taylor series and retain only 
the first-order terms: 


3 
w= Yi; (GE), - (59) 
y=t 
Since 
z 
eA, ; 


Eq. (59) can be written in the form 


eS dns (ZE),- (60) 


fal 


Inserting (60) in (58), we get 


3. 3 


Avy=r D3) A thes (Se Do: (61) 


y=Ji=4 
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Eqs. (61) solve our problem. The unknowns here are the nine quantities 


ze ), which characterize the centroid field in the neighborhood of the Sun. 


If for each equation in (61) we consider more than nine sky areas and in each 
area determine the average radial velocity of the stars and the average 
proper motions in galactic latitude and galactic longitude p, and p,, we 

obtain three sets of redundant equations. The second and the third equations 
in (61) are modified, seeing that 


AY = 4.738 p,-sec b, 
dup, 
r 


= 4.738 My- 


The coefficients A are calculated for the area centers. In solving the 
redundant equations (61) the residual velocities are regarded as random 
errors and therefore affect only the mean error of the results. 

The first equation requires knowledge of the distance r. Nevertheless, 
it is the first equation that gives the most reliable results, since the 
average proper motions are greatly distorted by individual nearby stars 
with large proper motions, and the relative errors in small proper motions 
are large. 

Following Ogorodnikov, let us consider in more detail a particular case 
of plane-parallel motion. Then u,= 0. Moreover, if we regard the Sun as 
located in the plane of the Galaxy, we may write 


dur 3) =0 
0 ki 


zy 70 az 


and Eqs. (61) in expanded form may be written 


Av, = rcos b(B + Acos 2(t—l) + C sin 2(t—4,)], (62) 


Au, =rcos* b|K + Ccos2(l—h) + A sin2 (L—t)}, 
Av, = —rsinbcos b[K + A cos2(l — to) +C sin 2(t — 1), | 


where 


2a (GAG le Ps 2lG) Ga)! | a 
ee +o): Ome [CG).- GS). 


We see that 24 is div Ay, and 22 is equal to rot Av. Thus, X characterizes 

expansion or contraction of a small volume around the observer (depending 

on its sign), and Bdescribes the rotation of Lhis volume about the observer. 
Asfortheconstants 4 and C, writing 4 = Ncos2y,C = Nsin2p, we may 

represent the sum of the second and third term in Az, in the form 

Nsin2(i — 1,4) and that in Av, in the form Ncos2(!—1, +p). Thus, the termC 

is equivalent to a constant correction to /,. We can thus omit the term C, 

treating !,aS an unknown. Then we readily see that because of the term A, 

points originally lying on the circle zi + z3 = r? will occupy after unit time 

a curve which is described in polar coordinates by 


g=r(i+Asin2(l—&)]. (64) 
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Eq. (64) is the equation of a closed curve stretched in the direction 
/, — 1,+ 180° if -1>0 and compressedinthe same direction for A <0. The 
coefficient A thus characterizes the deformation of a small volume about 
the observer. 

Application of Eqs. (62) to the nearest stars showed that the coefficient 
AK was virtually zero for all stars, except those of spectral type B, for 
which we have A= 4.2 km/sec (for stars brighter than 6”). For weaker 
B stars, K is much less. 

Thus, if the bright B stars constitute but a minor fraction in a given 
statistical ensemble, Eqs. (62) may be written in the form 


Av. = rad sin 2(/ - 1,)cos* 8, 
Ac, =r.-lcos 2(i—1,) cos b +rB cos b. 
Ac, = —rA sin 2(l—1,) sin bcos b. | 


(65) 


We see that the coefficient B cannot be determined from the radial velo- 
cities and from the proper motion component y,. 

Now suppose that the centroid field corresponds to pure rotation of the 
Galaxy about its axis, i.e., each centroid moves in a circular orbit 
parallel to the galactic plane with angular velocity which is only a function 
of the distance from the rotation axis, w(/?). 

The coefficients A and # entering Eq. (65), which are called the Oort 
coefficients, can be expressed in terms of w and A. In circular motion 
u.= . Since K = R,—-12,, we have 


(% = d(H) 
az, ),- = [ dR oo” 


To find (3), note that after a displacement Az,, the centroid velocity is 


no longer perpendicular to the z, axis and the projection of the centroid 


Are 


velocity on this axis is +f sin me Therefore 
Ar, 
si 2 
uy = lim Seats. at [() 
Or, /0 = s Axy+0 Aro = T Wo- 


Thus 
A= 
(66) 
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Using the equality B=A—o, and the relations between tangential velocities 
and proper motions, we write (65) in the form 


Av, =rA sin 2 (l—1,) cos? b, 


1 1 
An =7y4 [1+ cos(! —1,)]—7z 0, 


Au, = ra Asin 2(I—1,) sin bcos 6. 


We see that the first two of these equalities correspond to the expressions 
predicted by the qualitative treatment in §145. 
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The Oort coefficients have the dimension of angular velocity (sec ~). 
They are generally expressed in km/sec per parsec. The determination of 
these coefficients and of the constant /, from (65) was the subject of nume- 
rous Studies. 

Note that although K is equal to zero and 4 and 8B are finite, this does 
not constitute a proof that the centroid field of the Galaxy is a field of pure 
rotation about the center of symmetry. This only proves that the small 
volume around the Sun neither expands nor contracts, althoughitis subjected 
to distortion and rotation, On the other hand, the fact that C= 0 and /, in 
(65) coincides with the galactic longitude of the center of the Galaxy as 
determined by alternative methods provides a substantial argument in favor 
of galactic rotation. This shows that the rotation of the volume near the Sun 
is associated with the revolution of that volume around the center of the 
Galaxy. Another weighty argument in favor of galactic rotation is provided 
by the good fit between the value of w, derived from (66), 


@=A—B, 


and the definition of angular velocity 


where z, is the Sun's centroid velocity inferred from extragalactic objects, 
and A, is the distance to the center of the Galaxy, determined, e.g., as the 
distance to the center of the system of globular clusters. 

Table 6 lists various determinations of A. 8, and |, (Parenago's and more 
recent findings). Here A and Bare given in km/sec per kpc. 


TABLE 8 
Author ty 
Raymond, Wilson v (all types) 329° 
Plaskett, Pearce v, (O— BT) 324 
Plaskett, Pearce 1} (O—BT7) 312 
Nordstrom v, (A—M) 2 33627 
Oort pu of farnt stars = 
Van de Kamp, p of faint stars 321 
Vysotskii 
Wilson, Raymond pfrom Boss’ catalogue 326 
Joy v, (cepheids) 325 
Gliese from FK3 catalogue 317412 
Parenago v,(cepheids, O--B, and , = 
others) 
Vysotskii, pn from FK3 catalogue = 
Williams 330 
Shatsova GC 
Morgan, Oort FK3, N30 
Bakulin Supergiants and long- 31723 
period cepheids, GC 320 23 
Bakulin Same stars of the FK3 +1521 _ 
catalogue 
Weaver v, (cepheids) +10,8 41.8 = 
Weaver v, (09 .5—B2) 413.2 42.7 = 
Petrie, Cutie, v,(B stars and others) +17.741.1 = 
Andrews 
Stibbs v, (cepheids) +19.531.9 - 


Gascoigne, Eggen 


v, (cepheids) 
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Table 6 shows that A, Band /, determined from various objects are 
surprisingly stable. The probable values of Oort's coefficients and /, are 
thus 


w= 0018 km/sec/pe = +0”’.0U88 a) (67) 
Ks —0.012 km/sec/pe = —0’.0025 annually, 
ly = 325°. 
The angular velocity of rotation is found to be 
oy = .1~ B= 07.0063 annually = 9.7.10" rad/sec, (68) 


which corresponds to a galactic rotation period of 205 million years, The 
average velocity of the Sun relative to extragalactic objects, corrected for 
the residual velocity, is found to be 4%= 220km/sec. Its direction is almost 
precisely perpendicular to the direction to the galactic center. This 
therefore seems to be the velocity with which the Sun's centroid revolves 
around the galactic center, and the possible residual velocity of the Galaxy 
can be ignored. In this case we obtain for the distance to the center of the 
Galaxy 


— =2.3-10'?km= 7400 pe. 
7 1a 8 sec”! 


This result is in good agreement with alternative determinations of the 
distance to the galactic center. 

What information do the coefficients A and 8 provide on the character of 
galactic rotation in the Sun's neighborhood? If the density of our star system 
were uniform, the Galaxy would rotate as a rigid body. In this case, 
assuming the Sun to be located inside the system, we would have 


wo(R)=const; w'(f)=0; A=0; B= —a,. (69) 


If the Sun were located oulside the stellar system it would 
move in a Keplerian orbit around the center of the Galaxy together with 
other stars in its neighborhood: 


3 
~ 3. ,__ 30 
o~R =; w=-3e,| (70) 
Ax > Oy; B= ~—tay. | 
The results (67) and (68) based on observations in fact give 
A=0.60,; B= —0.4a@,. (71) 


Comparison of (71) with (69) and (70) shows that the motion of our stellar 
system in the Sun's neighborhood is intermediate between rigid-body 
rotation and Keplerian revolution, approaching the latter. 

We thus conclude that the Sun is situated inside the Galaxy but at its 
periphery, so that the stellar density in regions closer to the center of 
the Galaxy is substantially higher than that outside the orbit of the Sun's 
centroid. 
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§ 151. THE CENTROID FIELD FOR PURE GALACTIC ROTATION 


§151. The centroid field for pure galactic rotation. In the previous 
section, the centroid field was investigated using the proper motions of the 
nearest stars. Therefore, besides the angular velocity of the Sun's cen- 
troid, the results only contain the first derivative of this velocity. 

The results of §145 seem to indicate that the centroid field is a field of 
pure rotation around the axis of symmetry of the Galaxy. Proceeding from 
this assumption, we can assess its influence on the motion of stars at any 
distance. 

The velocity vector of a centroid S relative to the Sun's centroid 5S, is 
given by the difference of vector products 


Av=[o x ]—[o, x Ry), (72) 


where nought identifies the quantities corresponding to the Sun's centroid. 


FIGURE 174 


Introducing a topocentric radius-vector rof the centroid S relative to the 
centroid S, (see Figure 174), we may write 


h=ht?. (73) 
Inserting (73) in (72), we obtain 
Av=[o - 0 X Ro] + {ox 7]. (74) 


The magnitude of the first vector in the right-hand side of (74) is (w — )Rp 
and it points in the direction of galactic rotation. Its direction cosines in 
the moving frame (r, /, }) are described by the expressions listed in the 
second column of Table 5. The magnitude of the second vector in the right- 
hand side of (74) is wrcosé and it points in the direction of increasing 
longitudes, i.e., along the / axis in the (r, 2, b) frame. 

By the preceding, the projections of the vector (74) on the (r, J, 6) axes are 


Av, =(@ — @») Ry cos bsin(l — by), 
Av, =(@ —@,) Ry cos (l— ty) + wr cos 5, (75) 
Av, = —(w—@,) Ry sin 6 sin (lt —J,). 
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Eqs. (75) are in principle suitable for studying the motion of distant 
centroids. However, since the proper motions of the far objects are deter- 
mined with a high degree of uncertainty, only the first of these equations 
can actually be applied to distant objects. It was first used by Camm 
(1938). From the first equation in (75) and Figure 174 we get 
(76) 


w(R)-- w(R,) = Az, -sec b-cosec (t — 15), 
{ 
R=[R? +r? cos* hb —2Ryr cos bsin (t —1,)]* . | 
Thus, assuming certain numerical values for f, and !, and measuring Au, 
and ,, we can find w(f?) — w (/f,) as a function of /t. 

§152. Galactic rotation from radio observations. Some data on the 
distribution of gaseous matter in the Galaxy from radio observations were 
described in §134. Observations of neutral hydrogen at 21 cm wavelength 
(a unique emission line of HI) also provide valuable information on the 
motion of neutral hydrogen clouds in different parts of the Galaxy. 

Note that neutral hydrogen moves in the same gravitational field in 
which all the other objects of our stellar system move. Therefore, 
information on its motion is of great importance for the study of galactic 
dynamics on the whole. On the other hand, the motion of neutral hydrogen 
may have its specific features too. 

In 1954 van de Hulst, Muller and Oort published their measurements of 
the 2l-cm line profiles for 54 directions in the plane of the Galaxy between 
galactic longitudes of 322 and 220° using a 7.5-m radio telescope. In the 
Same year, Kwee, Muller, and Westerhout repeated these measurements 
for a region between 321°.1 and 45°.0 galactic longitude using the same 
instrument with improved equipment, so that more detailed profiles were 
obtained. Figure 175 shows the profiles of 30 lines obtained by these 
authors at longitudes between 321°.1 and 33°.4,. The measurements were 
carried out at latitudes of maximum intensity at each longitude. The 
corresponding latitudes were -1°.4, -1°.5, -1°.6, or -1°.7 (in the old 
system of galactic coordinates) for the different longitudes. These latitudes 
and the respective longitudes are marked in Figure 175. The horizontal 
axis gives the radial velocities «, in km/sec (corrected for the Earth's 
velocity relative to the centroid of the nearest stars), whichcanbe converted 
to wavelengths using Doppler's equation. The vertical axis gives the radia- 
tion intensity J which can be expressed on the absolute temperature scale. 

By analogy with stellar motions, it seems that the particles of neutral 
hydrogen have definite residual velocities, in addition to the circular motion 
of the centroid about the center of the Galaxy. This assumption is clearly 
confirmed by the shape of the centerward line profile. In case of pure 
circular motion, the hydrogen particles which lie in the direction to the 
center of the Galaxy would have v,= 0 relative to the Sun's centroid, and 
this would produce a sharp peak; the line width would be virtually zero. 

In fact, the lines observed in directions close to centerward have significant 
widths with effective values of about 40km/sec. A similar situation, 
according to van de Hulst, Muller, and Oort, is observed in the direction to 
the anticenter of the Galaxy, where in case of pure circular motion we 
should expect almost monochromatic radiation corresponding to «,= 0, 
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Although this proves conclusively that neutral hydrogen particles have 
definite residual velocities, we will first consider pure circular motion 
of the gas. Let the point Sin Figure 176 correspond to the Sun, the point C 
to the center of the Galaxy. The point P lies in the observed direction in 
the plane of the Galaxy (characterized by the angle /’ = / — 1, at a distance r 
from S. Let @ and w(R)be the angular velocity of rotation of the Sun's 
centroid and the centroid of the point P, respectively. The radial velocity 
of P is then given by 


v, = Rw (f) sing — Rye, sinl’. (77) 


Inserting for sin g from the theorem of the sines, we obtain 


v, = A, [w(R)— wo] sinl’. (78) 
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Galactic rotation data from observations of stars, the rotation of other 
galaxies, and theoretical considerations indicate that the angular velocity 
of the centroids monotonically decreases with distance from the center of 
the Galaxy. Therefore in Figure 176 all the points between Sand K should 
have positive radial velocity by (78), reachinga maximum at the point D, 
the base of the perpendicular. Points lying outside the segment SX, on 
the other hand, should have negative radial velocity. In Figure 176, 
0<l'< 90°. For 90° </'<180°, as is easily seen, the velocities of all 
the points along the line of sight are negative, and for 180° <l’ < 270° 
they are positive. If 270° < I’ < 360°, the sign of the radial velocity is 

the opposite of that for 0 <l’ < 90°, 

If the neutral hydrogen were uniformly distributed in the plane of the 
Galaxy, we could assume circular motion and ignore the absorption at the 
wavelength of its emission lines to derive a simple theoretical expression 
for the line profile in terms of the known function w(A) and the distance of 
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the Sun from the center of the Galaxy &,. Indeed, in a given direction, 
according to Eq. (78), the number of hydrogen atoms in any range of », 
values increases as the variation of w() with r in the given locality becomes 
slower. In other words, 


f=, (79) 


where g is proportional to the density of hydrogen and inversely propor- 
tional to A,sinl’. But 


dw dw aR ’ Az ec ay 
T-muaf® (A)- 4 — sin?! 7 
so that 
o'(R)- Y/ 1-8 sine vy 


it- 


and the dependence of /on v,is expressed in terms of the parameter RA by 
(78) and (80). 

If 0 < i’ < 90°, as is the case for most of the line profiles in Figure 175, 
the maximum positive vz, is attained at D. At the same point, / is infinitely 
large by (80), since here & = A, sinl’, 
As we move away from P in either 
direction, v, drops to zero inside 
the segment SK; J also decreases, 
since the radicand in the denominator 
in (80) increases and w’‘(A)is of 
bounded variation. Beyond K, u,is 
negative, and /is immediately halved, 
since inside the segment SK there are 
two points corresponding to each z,, 
whereas beyond K there is but one 
point corresponding to eachy,. As, 
FIGURE 176 further decreases (in relative terms), 

the intensity should decrease. 

The observed lines (Figure 175) 
behave on the whole as prescribed by Eqs. (78) and (80). Note, for 
instance, that for 20° <l’ < 50° the overall line intensity in the region »,>0 
is much greater than itis for v, <0, and for 1’ >50° this relation is 
gradually reversed in favor of the region v, <0; this is associated with the 
fact that the distance SX (corresponding to points with v, >0) is large for 
the first group of J’ values and small for l’' > 50°, 

However, despite the overall fit between Eqs. (78) and (80) and the 
observed profiles, significant deviations from these formulas are observed. 
First, we see no high intensity peak for the maximum uz, with the J falling 
off steeply to zerotothe right ofthis v,. Theacutal line is somewhat spread. 
apparently due to theeffectof the residual velocities of neutral hydrogen 
particles and the possible truncating influence of self-absorption. Moreover, 
some profiles show additional intensity maxima, which cannot be derived 
from Eqs. (78) and (80). These maxima are clearly attributed to a local 
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increase in hydrogen density, while in the derivation of (80) we assumed 
constant hydrogen density throughout the entire space. The intensity 
maxima are often repeated in profiles corresponding to nearby values of /’, 
This shows that the regions of increased hydrogen density are fairly 
extended. 

The hydrogen density distribution reproduced in Figure 163 was obtained 
by van de Hulst, Muller, and Oort from their line profiles in 54 directions 
in the longitude range 322° </<220°. They also used galactic rotation data 
obtained from observations of stars, took into consideration the residual 
velocities of hydrogen particles and the dependence of intensity on particle 
concentration for a given »,. 


TABLE 7 
t 
. R k ,alrD 1 12. km/sec v), or, 
| ‘ D- KPC | kn /sec j . A kin/sec /pe | km /sec /pe 
49° .0 77°35 8.01 LG YA ' 274 273 
42 5] 75 0] 7.92 —3 ed be 26.8 27.8 
44.2) 73.7] 7.87 +6 2N4 272 28.0 
38.4) 70 .9| 7.75 +8 eB} 27.5 23.5 
35.9] 68 .4 7.62 4-10 211 27.7 29.2 
33.4] 65 .9| 7.49 -16 214 48.6 29.8 
30 .9 3.4) 7.33 4-25 219 “9 9 30.6 
28 .4] 60 .9[ 7.16 +29 1S 30.4 31.4 
23 ..9} 58 .4/ 6.98 134 218 31.2 32.4 
23.4] 55 .9] 6.79 +4l 220 32.4 33.3 
20 .9| 53 .4] 6.58 4-02 226 34.3 34.3 
18 .4] 50.9] 6.36 +55 223 Bo. 30 5 
15.91 48 .4 6.13 1-59 prt 36.1 36.7 
13.4] 45 .9] 5.89 +R2 217 36.8 38.0 
10 .9] 43 .4| 5.63 =-64 213 37.8 39.6 
8 .4] 40 .9] 5.37 +67 209 33.9 41.2 
5 .Y | 38 .4] 5.09 +85 19 43.0 43.0 
3.94/35 9] 4.81 --89 216 44.9 49.1 
0.9) 33 .4] 4.51 194 2S 47.2 478 
358 .4] 30.9] 4.21 +97 208 49.4 50.4 
355 .9 7 28 .4; 3.90 1-07 200 ad 53.6 
353.4] 25 .9] 3.58 +104 199 00.6 07.3 
350 .9 | 23 .4] 3.26 4-102 {88 57.7 61.7 
348 .4 | 20 9 2.93 4-118 195 66.6 66.9 
MS 9] 18 .4] 2.59 L122 190) 73.4 73.4 
343.4} 15 9] 2.25 A774 +141 133 200 59.1 88.9 60.9 
340 .91 13 .4] 1.90 +922145 142 195 74.7 102.6 91.6 
BS .47 10 9} 1.55 L102 -158 142 193 91.6 127.7 105.8 
335.9 8 .4[ 1.20 L112 —164 144 196 120.6 163.3 126.7 
333 4 5 9] 0.84 +1212-170 143 192 170.2 223.6 163.1 
330 8 3.3] 0.47 +128 —182 140 194 297 .9 412.8 236.2 
328 .3 0.8] Uff +56 50 O86 4 445.5 
325 .8 (358 .3| 0.24 ~78 84 350.0 333.3 
323 .6 1356 .1 0.06 —66 &1 144.6 212.5 
32{ .1 1353 .6) 0.91 —9t—136 {15 160 126.4 175.8 153.8 


Kwee, Muller, and Westerhout focused their attention on the kinematic 
problem. From the profiles of Figure 12 they determined the v, corre- 
sponding to maximum intensity (presumably the point D). At this point 
maximum v,is expected, but as we have noted above this is not quite so 
owing to the presence of additional factors. Kwee, Muller, and Westerhout 
took 1,= 327°.5, R,= 8200pc. Now, if u, for the point Dis known, a(R) at 
that point (where R=, sin t’) is found from Eq.(78). The results are listed 
in Table 7. 

The third column gives the distance of D from the center of the Galaxy, 
the fourth column lists the v, at that point, the fifth the linear velocity of the: 
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centroid, and the seventh gives the angular velocity. For 3°.3< l’ <15°.9 
and i’= 353°.6, the last three parameters are determined with high 
uncertainty, and only the limits are indicated. Columns six and eight give 
the linear circular velocity and the angular velocity obtained after 
smoothing. These are currently the most reliable galactic rotation data; 
they are presented graphically in Figures 177 and 178, which plot the linear 
and the angular rotation velocity of hydrogen as a function of the distance 
from the center of the Galaxy. The smoother curve is drawn through the 
upper points, since in some cases the maximum intensity is received not 
from D but from other points where the hydrogen intensity is for some 
reason much higher than at D. This effect invariably lowers the values of 
w and fe. 
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Note the high angular velocity of the central regions of the Galaxy. At 
a distance of 3 kpc from the center the angular velocity is four times that 
in the neighborhood of the Sun. 

On passing from directions with galactic longitudes greater than the 
longitude of the center of the Galaxy to directions with longitudes less than 
that of the center, we expect the shift of the line profiles to change from 
positive to negative v,. This is indeed observed on passing from /= 328°.3 
to /= 325°.8. The currently accepted longitude of the galactic center 327°.0 
(see §131) falls halfway between these values of /. 

Of considerable interest are the wide and gentle wings of line profiles 
observed in the directions close to the galactic center (Kwee, Muller, and 
Westerhout). The profile in the direction ‘= 321°.1 has only a left-hand 
wing, and profiles in the directions /= 330°.8, 333°.4, 335°.9, 338°.4, 
340°.9 and 343°.4 have only right-hand wings. The directions nearest 
the center /= 323°.6, 325°.8, 328°.3 have wings on both sides; for the first 
two directions the left wing is apparently the larger, and for the third 
direction the right wing is more prominent than the left. This phenomenon 
can be interpreted as indicating radial motion of hydrogen with velocities 
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of 50—100km/sec from the central regions of the Galaxy. According to 
Oort and Rougoor, the total quantity of gas flowing out of a region of 3 kpc 
radius around the center of the Galaxy is about 1.5 solar masses annually. 

§153. The spin of the stars. Let the star spin on its axis, which makes 
an angle i (other than zero) with the line of sight. Then the points on one 
half of the observed surface approach the observer, whereas the points of 
the other half recede from the observer. The resulting Doppler effect 
will broaden the lines in the spectra of these stars. Line broadening is 
also caused by other factors, e.g., motion of large gas clouds in stellar 
atmospheres (again a variety of the Doppler effect) and the influence of 
electric and magnetic fields on atomic radiation. However, if two stars of 
the same spectral type and the same luminosity show spectral lines of 
different widths, the difference can be natura)ly attributed to a difference 
in rotation velocities and the angle i (all other factors being taken equal). 
Under this assumption, the difference in the line widths for two such stars 
is clearly equal to the difference in the values of the function 


y=7sini, (81) 


where z is the rotational velocity of points on the star's equator. This zis 
called the true rotation velocity of a Star, andy is the apparent rotation 
velocity. Both are measured in km/sec. 

If a fairly representative sample of stars of one spectral type is taken, 
we can say with fair certainty that those with the narrowest spectral lines 
have y equal virtually to zero (mainly because of small; and partly because 
of small r). Subtracting the line width of these stars from the line width 
of some other star, we obtain the apparent rotation velocity of the latter. 
The spin can also be determined from an examination of other factors 
causing line broadening, since in this way we can isolate the contribution 
of rotation velocity to line width. 

Rotation velocities of stars were determined by Struve, Shain, Westgate, 
Slettebak, Huang Su-Shu, and others. 

The data on hand show that the spin is sensitive to the spectral type. 
This is clear from Table 8, which 1s compiled from the data of Huang 
Su-Shu (1953). The table lists the spectral type, the number of stars 
investigated .’, and the apparent rotation velocity y. 


TABLE & 
- ! = 
s ue s N yu. 
° | km /sec f 'km /sec 
f°) | : 120 
B2— B3 200 178 FN-FI a1 
B4a—Bs | 104 5 Q-F 
BG— B7 34 130 FA-FS 99 44 
B8 ~ BO 24 172 FRET 36 18 
AO-Al ay 133 «F3~ F9 35 9 
: 124 


The averaged variation of the rotation velocity with spectral types is 
illustrated by the spectrum — spin diagram shown in Figure 179. 
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We see from the table that between O and B9 the average rotation 
velocity is virtually constant; the observed fluctuations are clearly of 
random origin, and are associated mainly with random fluctuations in the 
distribution of ¢«. However, for spectral types later than AO, a steady and 
rapid decrease of rotation velocity is observed. For GO stars the rotation 
velocity is so small that the corresponding broadening of spectral lines is 
undetectable. This is consistent with the known rotational velocity of the 
Sun (a G2 star), which is approximately 2 km/sec. 

Kopylov and Boyarchuk compiled all the published data and plotted 
separate spectrum-— spin diagrams for stars of luminosity classes l, II, 

II, IV, and V. The decrease of rotation velocities on passing from AO to 
later spectral types was observed for all luminosity classes without 
exception. 

The spin of a star may change in the course of its evolution for two 
reasons: change of radius and loss of mass, If the star undergoes isotropic 
expansion and its radius is increased a factor of k(the mass remaining 
constant), the moment of inertia relative to the spin axis is increased a 
factor of &’, and since the total angular momentum is conserved the angular 
velocity will fall a factor of k*, the rotation velocity decreasing a factor of k. 

If the mass of the star decreases (individual atoms leaving the atmosphere 
through thermal dissipation, ejection of mass by powerful prominences, 
not unlike those on the Sun but larger in the early type stars), the star will 
gradually lose angular momentum (assuming that the mass is ejected at 
different directions and at different velocities). This is so because mass 
ejected with individual velocity close to the direction of the star's spin is 
more likely to escape into outer space than mass ejected in other directions. 
The angular momentum of these ejections is greater than the average 
momentum of stellar matter of the same mass, and the phenomenon there- 
fore involves irreversible loss of angular momentum leading to a decelera- 
tion of the star's spin. Calculations indicate that if stellar evolution involves 
loss of mass, this effect is quite significant and may acutally account for 
the shape of the spectrum —spin diagram. 

Note that the observations give the apparent rotation velocity y, whereas 
it is the true rotation velocity «that we are interested in. Chandrasekhar 
and Munch (1950) tried to recover the frequency function f(z} from the 
observed distribution p(y). It is advisable to solve this problem separately 
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for stars of each spectral type (if Vis sufficiently large). The analysis is 
based on the assumption that the various directions of the spin axis are 
equiprobable, and the frequency of ; is thus equal to sini. 

Since x and i are independent variables, the probability that they occur 
jointly in specified elementary intervals is given by the product 


f(x)sint ds di. (82) 
Consider some fixed interval ly,y + dy]. The probability for the apparent 


rotation velocity to fall in this interval can be found by changing over in (82) 
from i to z and y using (81) (yis fixed!) and then integrating over all z>y: 
@(y) dy = dy | OO) ay. (83) 
8 rYyre—y 


This integral equation can be reduced to Abel's equation and solved 
analytically for the sought function f(z): 


{(z=2 


2) 
az dr z | yer dy. 


In practice, however, this solution is not very useful. The main thing is 
not to find the function f(x)but to devise a simple method for the calculation 
of the moments of this function. To this end, we multiply the two sides of 
Eq. (83) by x", integrate from 0 too, and then change the order of inlegra- 
tion in the right-hand side of the equation: 


=z zy 
cu g}* y 


( y"@ (y) dy = \ © 4 (2) dz ( ae (84) 
0 


Changing over to a new variable of integration t=: zy we get 


ao ao {on I 
\ ye y)dy = 5 \ xf(a)dr( A(1 1) Fat (85) 
0 0 


The integral over ¢ is the beta function B ($+ 1, x): Using the standard 


ralation between beta and gamma functions, we finally get 


ze Cua 


= 1 
y" = (86) 
Ges) 
where z" and y" are the average values of z" and y". 
From (86), in particular, we have 

paty, (87) 
P=57 (88) 
Bas yx (89) 
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and also 
(@—7yP=15 P-L, (90) 
= 16 18 -——- , 128-3 
(q—zypep SR ey. (91) 


Eq. (87) enables us to change over from the apparent rotation velocity to the 
average true rotation velocity, and Eq. (90) gives the dispersion of true 
rotation velocities. From Eq. (90) we see that if the dispersion of the true 
rotation velocities is zero, the dispersion of the apparent rotation velocities 
caused by different orientations of the spin axes is expressed by 


2 2 32 =* 
yy =(q-1 y. (92) 


and the root mean square deviation of the average apparent rotation velocity 
for N stars is 


ee 2 U 0.28 — 
wre PP = V ee Ie Ss (93) 


The last expression can be applied to analyze the figures in the table. 
1 
VN-1 

clearly too low to fully account for the minimum of the average apparent 
rotation velocity observed in this part of the table. On the other hand, 
sucha narrow minimum can hardly be regarded as statistically significant. 
We therefore conclude that the dispersion of the true rotation velocities 

in this particular narrow band of spectral types is also substantial. More- 
over, the deviations of y increase due to errors in the determination of the 
apparent rotation velocities. 


For spectral types B6—B7 we get 


ye— 9? ~5.5 km/sec. This is 
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Chapter XX 
STELLAR DYNAMICS 


§154. Basic premises. Stellar dynamics is concerned with the study of 
the regular features of motion in star systems and the effect of this motion 
on the evolution of the systems. In this context a star system (or stellar 
system) is not only a galaxy but in fact any system having stars as its main 
constituent, e.g., globular Star clusters, open clusters, or multiple stars. 
Until recently, stellar dynamics was mainly confined to a study of the 
stellar component of systems, and it is this branch of stellar dynamics 
which has reached maximum development. Lately, however, it has become 
increasingly clear that the dynamics of certain classes of star system is 
largely influenced by dust and gaseous matter as well. 

Gravitation is the only force governing the interaction of stars within 
the framework of stellar dynamics. Radiation pressure is significant in 
the treatment of star interactions with diffuse matter. Finally, the 
motion of clouds of diffuse matter far from high-luminosity stars is largely 
determined by the magnetic fields in the interstellar space. 

The gravitational field of a star system has a highly complex geometry. 
Since the gravitational force of a point mass is inversely proportional to 
the distance squared — this is not a particularly rapidly decreasing function — 
the overall gravitational force of the constituents throughout most of the 
stellar system is substantially greater than the gravitational force of that 
one object which makes the maximum contribution to the resultant at the 
particular point. Whenever this is true, the gradient of the gravitational 
field is obviously small. 

On the other hand, in the immediate vicinity of stars, dense stellar 
clusters, andother compact objects, the gravitation of the nearby object is 
comparable with the overall gravitation of all the other objects, or is even 
greater. Here the gravitational force is a rapidly varying function of 
position. Following Ambartsumyan, we thus introduce the regular and the 
irregular gravitational field in stellar system. 

The regular field is the field set up by an artificially smoothened uniform 
distribution of matter in the system. The forces corresponding to this 
field are called regular forces. 

The irregular field is the field derived as the difference between the 
actual field of a system and its regular field. The corresponding forces are 
naturally called irregular forces. 

The irregular field is a direct consequence of the discrete structure of 
stellar systems. The irregular forces on a body moving in a stellar system 
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are in fact random forces. Hence, the irregular force which a moving 
body experiences in an encounter with some object in the system is inde- 
pendent of the irregular force that the same body experienced in a previous 
encounter with some other object in the system. 

The gravitational field of a star system is thus characterized, on the 
one hand, by its continuity and, on the other, by its discrete structure. 

The larger the population of a star system, the greater is the contribution 
from the regular forces to its dynamics and the less Significant are the 
irregular forces. 

This can be Stated in general terms as follows: in systems of progres- 
sively more uniform structure the role of the regular forces increases 
and the significance of the irregular forces diminishes. 

This proposition can be demonstrated by a simple calculation. Let us 
find the ratio of the volume where the irregular forces dominate to the 
entire volume of the system. For simplicity consider a spherical system 
with uniform distribution of stars. Let N be the number of objects in the 
system, o its radius, m the mass of an individual object. Under these 
conditions, the gravitational force per unit mass at a point inside the 
system is 
an 2 (1) 


where G is the gravitational constant, , is the distance from the center of 
the system, m is the mean stellar mass. 

On the other hand, the force of attraction per unit mass due to the 
nearest object is 


Gin ; (2) 


where r, is the distance from the object. 

Equating (1) and (2) we find the radius of the sphere inside which the 
irregular force due to the individual object is greater than the regular 
force. The corresponding spherical volume is 

3 
4 mo \2 


Vr 


Averaging (3) over the masses and dividing by the volume per star ($3), 


we obtain the sought ratio for a volume element: 


ved 


t 
tobe 


yaoa(hy. (4) 


(7n)> 


Integration of (4) over the sphere gives, after dividing by the total volume, 
the sought ratio for the entire system: 


2 2 
er eee (5) 
im? 
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The ratio (S) shows that in systems with WN of the order of 10 (e.g., 
multiple stars), the volume of the irregular field is comparable with the 
volume of the regular field. In open clusters, with some 100 stars, the 
irregular field still occupies a substantial proportion of the entire volume 
of the star system. In galaxies (if these are considered as systems com- 
posed of individual stars) 4 is of the order of 10'°—10"! and the irregular 
field occupies a vanishingly small fraction of the total system volume. If, 
however, the galaxies are considered as systems composed of large 
objects—star clouds, globular clusters, groups of diffuse clouds, etc., 

Vis found to be 5—7 orders of magnitude less and the proportion of the 
irregular field markedly increases. Expression (5) further shows that for 
a given .V a large dispersion in the constituent masses increases the pro- 
portion of the irregular field in the system. 

Galaxies and other stellar systems contain a large stellar population. 
They can thus be treated by the methods of Statistical mechanics, which 
ignore the individual behavior of each particle in the system and concentrate 
on the statistical parameters which characterize the entire system as one 
whole. Stellar systems can be considered as composed of avery tenuous gas 
where the molecules move in the force field set up by the gas itself. Thus, 
globular clusters are an analog of a free gas sphere. 

On the other hand, the trajectories (orbits) of the individual bodies in 
the stellar system, e.g., the orbits of the Sun or other stars in the Galaxy, 
are also of considerable interest. In solving these problems, the methods 
of stellar dynamics naturally approach the standard methods of celestial 
mechanics. 

Any stellar system, like ordinary free gas with negative total energy, 
evolves toward an equilibrium figure. As long as the steady-state, 
equilibrium configuration has not been attained, the stellar system is said 
to be nonstationary. 

We must make a distinction, however, between the equiiibrium 
(stationary) state in relation to the regular forces alone and the equilibrium 
(stationary) state in relation to both the regular and the irregular forces. 

In the former case, the system parameters do not change in the regular 
field, where detailed balance has been established. In other words, if the 
irregular forces are ignored, the number of particles in any volume element 
of the phase space remains constant. If now the number of particles in 
each phase volume element is constant under the combined action of regular 
and irregular forces, the system is in equilibrium in relation tobothregular 
and irregular forces. A nonstationary system approaches equilibrium 
under the combined action of regular and irregular forces, so that it 
becomes Stationary in relation to both force fields. Under certain special 
conditions, however, the equilibrium in relation to regular forces may take 
a substantially shorter time to attain. Such a system, having reached an 
equilibrium inrelationto regular forces only, will evolve further approaching 
equilibrium in relation to both regular and irregular forces. 

The state of perfect equilibrium is never attained, however. After all, 
some of the bodies can be accelerated to supercritical velocities by the 
irregular field (e.g., following close encounters with other bodies in the 
system) and thus escape from the system. This dissipation alters the 
system parameters and the equilibrium is broken. In high-population 
systems the relative dissipation is slow so that the system has enough time 
to adjust to a new State of equilibrium, which is however promptly broken 


sa 
Ws 
_— 


Ch. XX. STELLAR DYNAMICS 


by further dissipation. The combined effect of irregular and regular 
forces thus marches the system through a succession of equilibrium States. 
Ambartsumyan referred to this as a quasistationary State. 

§155. The fundamental equation of stellar dynamics for the regular field. 
At this stage, we consider the regular field only. Let q,, q..q;be the 
Hamiltonian (generalized) coordinates of a star and p,,p,, p, the corre- 
sponding momenta. Each star is described sy a point (q,, 92, qq. Py, Pas Pg) in the 
six-dimensional phase space, and the entire stellar system is represented 
by the set of image points in the phase space. If H (p, q) is the Hamiltonian, 
the equations of motion of a star take the form 


dH (6) 


Let ¥ (4). das Ya» Pry Pa Pz. t) De the density function in the phase Space, and V 
the generalized velocity vector in the phase space, with the components 
V1 Fax Yar Py» Par Pa- 

We can thus write the equation of continuity, which is an expression of 
the constancy of the total number of particles (points in the phase space): 


OV oe div aQeh) = 
If the system is Stationary, wp is not an explicit function of time, so that 


ap _ 
Of 


Eq. (7) can be written in expanded form 
J 
at P z a 7 
par » [ 4-0) + oe (tn,) | =U, 
rel 


or, developing the derivatives, 


t a ; : 
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so that Eq. (8) takes the simpler form 


ar - ob so 
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It can be written in an alternative form 


ce Re (10) 
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where ue is the Stokes operator, which stands for the rate of change of a 


function at a point moving in the phase space together with the particle. 
Eq. (10), known as the Boltzmann equation, was first applied to stellar 
systems by Jeans. This is an expression of Liouville's theorem, which 
states that the density of a volume element in the phase space remains 
constant as it moves along a phase trajectory. 
In rectangular coordinates, the Hamiltonian per unit mass is written in 
the form 


H= ttt ott) — M(x, yz, f), 


where uw, v, w are the stellar velocity components, and ((s, y,z, is the 
regular gravitational potential. The canonical equations of motion (6) in 
rectangular coordinates thus take the form 


- an _ ay 1 OW 
Soa rea y= wo See aS (11) 
r, on as oy _ OW 
a a ae o> oy ' eS d= 
where 
aw . oD 1, _ 9D 
w= aS ae BS er (12) 


Eq. (9) in rectangular coordinates is written in the form 


OD Mp ey A ay Og IM a 4 OD BH 4 ID AY _ 
at" wees ag ee reer du oy ont uz Gare (13) 


Note that Eq. (13) is applicable only when the irregular forces are 
ignored. If the irregular field is also considered, the zero in the right-hand 
side of Eq. (13) is replaced by the function 


(eed 
\ vt /irr* 


(14) 


which allows for the effect of irregular forces. By Lagrange's method, 
the partial linear differential equation (13) is equivalent to a system of 
ordinary differential equations, 


dr dy dz du du evs 
Ce ae a ae (15) 
Or vy ‘ds 


and the general solution of Eq. (13) is an arbitrary function of six independent 
first integrals of (15). 

Eqs. (15), however, are in fact the equations of motion (11), so that the 
first integrals of (15) are the first integrals of motion. Any combination of 
these integrals is clearly also an integral of motion. That the phase density 
pis a first integral of motion also follows directly from Eq.(10). Thus, 


pH=v(sy. Tn, T;, ts, Ty, I), 
where 


f,=S,(t, 0,4, 2. u, aU, w) (i=1, 2,..., 6), 


are the first integrals of motion. 


Ch. XX. STELLAR DYNAMICS 


There is a further expression relating the functions pand ®. If y is 
interpreted as the mass density in the phase space (and not the density of 
points), then integration of p over the velocity components gives the mass 
density in the physical space: 


D= ( ( \ yidu de da. (16) 


From the potential theory, the potential is related to the density by 
Poisson's equation: 
sae w+ w= 4aG D. (17) 

Eqs. (16) and (17) provide the second relation between the potential and 
the phase density. 

A system is stationary in a regular field if and only if it satifies Eq. (13) 
without the first term in the left-hand side — without the partial derivative 
of phase density with respect to time. By (16) and (17) the potential in this 
case is also independent of time. 

A system is stationary in both the regular and the irregular field if and 
only if it satisfies Eq. (13) without the first term in Lhe left-hand side and 
moreover the function (14) identically vanishes. 

If the system is stationary in the regular field, the first equation in (15) 
drops out and the system reduces to the differential equations of the phase 
path. In a stationary system the phase density is in general a function of 
the five (and not six) first integrals of motion: 


Wey (ly, fa, fa, fy. f,), 
toate tet car aR! ee : (18) 
Leal, Q.ysaae. f=] 2 oo 


these first integrals being independent of time. 
Each of the integrals of motion should clearly satisfy Eq. (13), i.e., 


Diy 
it” 


0, (19) 


If the system is stationary in the regular field, Eq. (19) is clearly solved 
by the function 


Therefore the first integral 


/, =}? —2@ = const, (20) 


known as the energy integral (this is an expression of the fact that the total 
energy of a star is constant), is applicable to any stationary system. 

Let us consider in more detail the expression of phase density in terms 
of the independent first integrals of motion, following the analysis of 
Kuzmin (1953). 

Each of the first integrals (18) defines a certain fixed five-dimensi6nal 
hypersurface in the phase space (in the case of a nonstationary system, 
these hypersurfaces in general move). The intersection of these five hyper- 
surfaces defines a line which specifies the path of a point in the phase space. 
Depending on the actual form of the potential function, the path of the point 
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may be closed or open; it is readily seen that if the trajectory is closed in 
the phase space it is closed in the physical space too, and vice versa. In 
general the trajectory is not closed, and its turns fill a two- or three- 
dimensional domain in the physical space, which corresponds to a hyper- 
surface of two or more dimensions in the phase space. It is clear, however, 
that five five-dimensional hypersurfaces defined by independent equations 
(18) give a two-dimensional hypersurface only if the folds of one of these 
five-dimensional hypersurfaces fill the enlire six-dimensional space. The 
corresponding integral (18) is obviously infinite-valued. This infinite- 
valued integral cannot be used in the representation of the phase density 
function which is a priori single-valued. 

Similarly, if the open trajectory of a point fills a three-dimensional 
region in the phase space, two of the integrals in (18) are infinite valued 
and cannot be used in the representation of the phase density function, etc. 

Therefore, in the general case of a system which is stalionary in the 
regular field, Eqs. (18) are written in the form 


W= PS Ja ee es Fy)s 
pet (ys, Met pred, 222. aS. (18*) 


where /, are the single-valued first integrals of motion. The remaining 
first integrals of motion 


J, S400 ya 0.0, Wy) hend lon t2, 22.5 
are infinite- valued and do not participate in the representation of the phase 
density function. 

When Eq. (13) is solved in practice, we follow one of the two alternative 
methods. One possibility is to specify the potential ®, to determine the 
first integrals of motion from (15) and thus find the properties of the phase 
densily y. This was the method adopted by Jeans. The other possiblity is 
to specify the function y, insert it in (13) and thus derive relations between 
the parameters of the particular distribution used. This was the approach 
favored by Oort and Chandrasekhar. 

§156. The solution of the fundamental equation of stellar dynamics using 
a known potential. We will first consider the application of Jeans's method. 
Consider a Stationary system in the regular field with a known potential ®. 
We start with the most general restrictions on the potential, which will be 
subsequently relaxed. 

a) Let the potential be such that all the stars move in closed orbits. In 
mechanics there are only two particular forms of potential of this kind, 


Meet, (21) 
D=cy!* -+ Cy, (22) 


which ensure closed orbits for any z, y,sandu,z,w. (If in case (21) the 
velocity of the body is supercritical, the trajectory is open, but ina 
different sense. It does not fill a two- or three-dimensional region in 
Space.) Here c,.c,,c, are constants, and ris the distance from the point 0. 
The potentials (21) and (22) are particular cases of a general spherically 
symmetric potential. 

We know from celestial mechanics that in case (21) the object moves in 
an ellipse with its focus at the point 0, and in case (22) in an ellipse with 
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its center at the point 0. In either case the orbits are defined by five 
parameters, the orbital elements. Since the orbital elements remain 
constant in all stages of motion, they are in fact independent first integrals 
of motion. Hence, the phase density is a function of five independent inte- 
grals of motion and has apparently the most general form. Examination of 
Poisson's equation (17) shows, however, that potential (21) is permissible 
only if the gravitational field is set up by a single point mass, which is 
inapplicable to stellar systems. Similarly (22) corresponds to the particular 
case of a system of uniform density, which though permissible in principle 
is highly restrictive. In this case all the orbits are necessarily circular, 
which greatly limits the generality of the phase density. The generality of 
the phase density is thus self-contradictory. 

b) Let us consider the general case of a spherically symmetric potential 


D=0(r)=0() FFF FZ). 


The trajectory of the body in this case lies in a plane through the center 
and the initial velocity vector. In general, however, the trajectory is no 
longer closed and its turns fill a ring, i.e., a two-dimensional region, in 
the orbital plane. In the phase space the path thus fills at least a two- 
dimensional region. Hence it follows that at least one of the first integrals 
of motion is infinite- valued and the phase density depends at most on four 
independent first integrals of motion. One of these is the energy integral 
(20): 

J,=V?— 20. 


Three other integrals are found by writing Eqs. (15) in the form 


dz cy ide du et et 
wow eed yw 
r or r OF r or 
Hence, e.g., 
vdzr=udy, 
zdu=y dy. 


Adding up these equations and integrating, we find J,. Similarly for /, and 
Ja: 
J, = zu — yu = const, 
J,= yw — sv =const, (23) 
J,= zu — ri = const. 


Eqs. (23) are called the aréal integrals: they express the conStancy of 
the projections of double the areal velocity of the body on the three coor- 


dinate planes, 
We have thus obtained all the four single-valued integrals of motion, 
and we may write 


p= Vs Cle J, Jay J). 


The three areal integrals (23) are clearly a consequence of the constancy 
of the areal velocity in the orbital plane, expressed bythe single inequality 


(9% 4 P#) = 7? (V — II) = const, “a 
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where IJ,$, and P are theorthogonal linear velocity components, corre- 
sponding tothe sphericalcoordinates r,8, and @. The phase density is there-~ 
fore a function of two integrals of motion only: 


p= [VF — 20, 7? (8? + P*)]. (25) 


Eq. (24) can be obtained from Eqs. (16) and (17). It follows that as long 
as the potential ® is a function of r alone, the dependence of the phase 
density on coordinates can be expressed in terms of ralone. Hence, the 
integrals J,,/,, and J, should enter yp only as a certain combination, such 
that the dependence on the coordinates is expressed in terms of r alone. 
J,,J,;, and J, are the projections of double the areal velocity in the orbital 
plane, (24), on the coordinate planes; the sought combination is therefore of 
the form 


F4i+ Tae (+ PY), 


which confirms the previous conclusion. Thus, because of the natural 
restriction imposed by Poisson's equation, the phase density in a spherically 
symmetric potential is a combination of only two integrals of motion of the 
form (25). Since the velocity components @and P enter the phase density 
only as a combination # + P’, the solid of velocities at any point in the 
stellar system is a solid revolution with its axis coinciding with the radius- 
vector r. 

c) Consider now the potential of an axisymmetric Stationary system. It 
is of particular interest as most of the galaxies, our Galaxy included, are 
axisymmetric to first approximation. The trajectory of a star in general 
case is no longer planar: it fills a three-dimensional torus- shaped volume 
(circular, though with a non-circular cross section). Hence the phase velo- 
city is a function of at most three independent first integrals of motion: 


p=, Jo, J). 


One of the first integrals /, is again the energy integral (20). Another 
integral is found by directing the = axis along the symmetry axis of the 
potential, so that 


O=O(j yy. =). 


It is easily verified that in this case only the first integral in (23) — the 
areal integral with respect to the = axis — remains valid: 


J,=10— yu =const, 


We define cylindrical coordinates R, 8. Z and the corresponding orthogonal 
linear velocity components JI, 6, Z. The energy integral and the areal 
velocity integral are then written in the form 


J,=IVP+ + Z*—20 =const, 


J,= RO =const, 28) 


The third integral cannot be derived unless additional restrictions are 
imposed on the potential. However, for any axisymmetric potential, we can 
select a so-called quasi-integral of motion, i.e., a particular combination 
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of coordinates and velocity components which is a very slow function of 
time. This quasi-integral should be introduced in the expression for the 
phase density. Indeed, if the phase density were a function of only two first 
integrals (26), the solid of velocities at any point of the stellar system would 
be a body of revolution about an axis along the velocity component #t; this 

is at variance with the previous result for a spherical potential, which is 
after all a particular case of an axisymmetric potential. 

As we know, the solid of velocities in the Galaxy is definitely not a solid 
of revolution with an axis along }. Moreover, observations show that the 
solid of velocities in the Galaxy is close to an ellipsoid whose axes in the 
directions I] and %, far from being equal, show the maximum difference, 
being the major (the former) and the minor axis, respectively (note that 
the principal axes of the velocity ellipsoid obtained from observations do 
not quite coincide with the directions [l,¥, and 2). Therefore the third 
integral (or more precisely, quasi-integral) entering p should make a very 
substantial contribution, essentially destroying the symmetry of the distri- 
bution in Il and Z. Various forms of the third integral (quasi-integral) were 
proposed by Lindblad, Clark, and Kuzmin. 

d) Finally let us consider a stationary system with an asymmetric poten- 
tial. In general, there is only one integral of motion, the energy integral. 
If the phase density is a function of this one integral only, 


p= p(V?—20), 
we see by (16) that the spatial density Dis a function of the potential only, 
D=D(0) 


and Poisson's equation (17), which is symmetric inz,y,z, inevitably gives 
a spherically symmetric potential 9. Wehave shown above, however, that 
in a spherically symmetric potential the phase density is a function of two 
first integrals of motion. Hence, in a stationary system the phase density 
cannot be a function of one integral of motion only. 

Reasoning by analogy with equilibrium configurations of a rotating self- 
gravitating liquid, we can assert that in general a stellar system which is 
stationary in a regular field should have a symmetry axis and a plane of 
symmetry. 

§157. The hydrodynamic equations for stellar systems, Let us write 
Eq. (13) in cylindrical coordinates. This can be done applying the 
Hamiltonian expressed in cylindrical coordinates to Eq. (9) and then changing 
over from momenta to velocity components. A more educational approach, 
however, prescribes an independent derivation of Eq. (9) by an alternative 
technique, directly in cylindrical coordinates. 

Let 


(FR, 8, z, II, t, Z, t) df dO dzdl de dZ dt (27) 


be the number of Stars with the coordinates f, 6.2 and velocity components 
Ml, ,2Z at the time z (to be more precise, we should say the number of stars 
with coordinates between # and R+dh, 6and 64 d6, etc., atthe time between 
tandt-+ dt, but we will nevertheless follow the shorter notation). After a 
time dé the coordinates and the velocity components of these stars change, 
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but since these are the same Stars with new coordinates and velocity compo- 
nents, the function 
y(R4 Md, O42 dt,s+Zdt. M4 Nd, e+ 0dt.Z+Zat) x 
xdRdddzdildddZdt (28) 
is clearly equal to (27). 


Equating the two expressions, expanding (28) in a Taylor series and 
retaining only terms of first order, we obtain on cancelling 


ap ap. 8 oh rm eh gah Oh 
oe Se tae ae 8 ae tM aT +O og + 2 az =O (29) 
Lagrange's equations in cylindrical coordinates are written in the form 
n-+ 5% 
RoR" 
pa (30) 
“Rd RK? 
7a, 


where ®(R,96,z,t) is the potential per unit mass. Eq. (29) is therefore 
written in the form 


ay, Day, 8 oy ap , (9 | a> ap 190 Ol \ap , a@ ap | 
etN Et ote t ete) t oe Roe toe ae 0. (31) 


This is the fundamental equation of stellar dynamics in cylindrical coor- 
dinates, Successively multiplying Eq. (31) by 


dildvdZ, IdiidédZ, tdlldédZ, ZdMddZ, 


we integrate over the velocity components. ConSider the following typical 
examples, which show how the terms of the reSulting equations are 
transformed: 


((Steneoazag \\{ vantaeaz=< op, 


—@2 


+o +a : 
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iff Tee 3 atl 9 dZ = ({ [ylt|2=*2 8206 aZ— 
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- xi po? dildodZ = ~ D8", 


Toe 


Xf) NZ atl d0.aZ = | \ {yg=*te Mall az =O. 
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Here Dis the spatial velocity; a bar on top indicates average value. In 

the fourth example, the first term in the by-parts integration vanishes 
when the velocity component goes to infinity, since the distribution function 
goes to zero faster than any negative power of the velocity component. 
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Applying similar transformations to all the terms of the four equations, 
we get 


fe] TT 0 TW" at rae Wy) aD 
C) ory 8 a ee 7a 4 8D 
eer Som i a6 (DF) + lal i =e ae 

‘, DE 1 WWF rr) 


The differential equations (32) relating the average velocity components 
and their derivatives to the system potential are called the hydrodynamic 
equations of the stellar system. [f1,8, and Z are the centroid velocity 
components. If the system is Stationary and has an axis of circular sym- 
metry, the partial derivatives with respect to f and@ vanish. If we further 
assume that » is an even function of MN and Z, which holds true in particular 


for an ellipsoidal velocity distribution, we get 


N=%={f8 =0Z=Z7i = 


The first and the third equation in (32) then identically vanish, and the 
second and the fourth equations take the form 


¢ ona . 1 pe ah na 
Q ot and 
5 (D2) = D—. (34) 


Let the linear rotation velocity of the centroid be 8,=6, and the residual 
velocity of the star in the sense of rotation 6’=8—8,. Then 


2 


P= (F-- 8, + 9)? = F724 OF. 


Seeing that 
oo 1 
an FM 
where #, is the linear velocity of a point in circular orbit, we write (33) in 
the form 


#-e8aF 2 jp 2 (oir. (35) 


Eq. (35) defines the difference between the circular velocity and the centroid 
velocity at a point. It shows, in particular, that as the residual velocities 
go to zero this difference also goes to zero in proportion to the square of the 
residual velocities. The centroids of a group of stars with a small disper- 
sion of velocities move virtually with circular velocity. This is clearly 
valid only if the distribution function is indeed even with respect to/land Z, 
as assumed above. 

§158. The solution of the fundamental equation of stellar dynamics using 
a known velocity distribution function. Let us now consider the solution of 
Eqs. (13) for @ assuming a known y. First we consider two particular 
cases. 
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a) Let the velocities of all stars be directed along the spherical 
coordinate r, so that at any point of the physical space the star may have 
only one of the two velocities [I(r) or —Il(r). In this case, if the stellar 
system is assumed Stationary, the potential should be spherically sym- 
metric with respect to the origin 0. At any point the number of stars moving 
to the center (i.e., those with velocities — II(r)) should be equal to the number 
of stars moving away from the center with velocities II(r). The number of 
stars crossing in unit time any Spherical surface centered at UV is therefore 
constant, so that we have 


I1Dr? = ¢, (36) 
which is clearly seen to be an integral of Eq. (13) for the particular case 
being considered. On the other hand, Poisson's equation (17) in spherical 


coordinates takes the form (note that because of the spherical symmetry 
of the potential ils partial derivatives over spherical angles vanish) 


d » di * 
< a - AnGbr®, (37) 


Further seeing that 


q® dil _ dildr tl dail 


and transforming the right-hand side of (37) with the aid of (36), we obtain 
a second-order differential equation for MN*: 


d [re in) | = — 3066 


ar dr (38) 


This is an Emden-type equation. It cannot be solved analytically, but a 
numerical Solution is obtained wilhout difficulty. Judging by its structure 
we see that on specifying the initial condition N(0) = C, <C,, where C, 
depends on the value of €, we automatically define a constant ¥ such that 
fl — 0 for r—+s—Q. 

From this result and (36) we see that in the system being considered the 
density at the center and on the surface of a sphere of radius r = 4 is 
infifite. Inside the sphere the density is finite, and outside the sphere it 
is zero. The number of stars in the system is limited so that 


u 
ao dr 
4nDredr = 40 ( Ti 


converges Since Il (r) goes very Slowly to zero forr—>b. The existence of a 
Stationary Spherical stellar system with stars having pure radial velocities 
is thus permissible. 

b) Now let the radial velocity component of all stars be zero, ie., N= 0. 
In a stationary system this is permissible only if the potential is 
spherically symmetric and the velocity | $*4-P? of each star satisfies the 
condition 

dtaps Ga 


= 


r re 
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where 4/ is the mass of the system enclosed inside a sphere of radius r. 
Expressing ./ in terms of the density ), we find 


f24-P2 — 4aG 
SEE = S| Detar. (39) 
iy 

I{ is essential that the velocity distribution al any point of the system be 
circularly symmetric in a plane tangent to the sphere at the particular point. 

If the above conditions are satisfied, a stationary system with any given 
density function may exist. 

It is quite obvious that the two extreme cases considered above <corre- 
spond to a system which is stationary only with respect to regular rorces. 
Encounters between stars should cause appearance and growth of velocity 
components perpendicular to the radius-vector in system (a) and appearance 
and growth of radial velocity components in system (b). This process even- 
tually lead to establishment of a certain most probable velocity distribution 
in which the system remains stationary in relation to both the regular and 
the irregular forces. As we have alreadynoted in §154, dissipation of stars 
from the system precludes establishment of perfect equilibrium: the 
system will attain a quasistationary state. 

The above argument suggests the following three different approaches 
to the solution of Eq. (13) assuming a known function yp: 

1) The velocity distribution function is chosen proceeding from conside- 
rations associated with the origin of the stellar system, which is assumed 
to be young so that the irregular forces have not substantially modified the 
initial velocity distribution. 

2) The velocity distribution function obtained from observations is used 
in the equations. 

3) The system is assumed to have attained stationary state in relation 
to both types of forces and Eq. (13) is solved with function (14) inserted in 
the right-hand side. 

Observations show (see §147) that the dispersions of residual velocities 
of stars in the directions II,0, and Zare not equal. This led Schwarzschild 
to the idea (by analogy with the Maxwellian velocity distribution, which is 
spherical) that the residual stellar velocities follow a power ellipsoidal 
distribution. Chandrasekhar, and later other authorities as well, consi- 
dered a more general ellipsoidal distribution of residual velocities, which 
is used in the following (reatment. 

The centroids revolve in circular orbits around the symmetry axis of 
the Galaxy. In the cylindrical system of coordinates with the z axis directed 
along the rotation axis of the Galaxy and the principal plane coinciding with 
the galactic plane, the distribution function therefore has the form 


(2, 8, 2, TL. 0. Z)=4(O +9). (40) 


where 


Q =i? + (0 — 8)? + PZ 4 m1 (9 — 84) + allZ + p(d — 84), (41) 


and the parameters s,h.k.l,m.n, p and $, depend only on #,= and time; if 
the system is stationary in relation to regular forces, they only depend on 
Rand:. tt, is the linear centroid velocity. 
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We will only consider a stationary system, inserting (40) in (31). Since 
(31) is linearly homogeneous with respect to partial derivatives of y, inser- 
tion of (40) followed by simple cancellations gives the same equations for 
the function V+. This conclusion also follows alternatively from the fact 
that since » should be a combination of the integrals of motion and depends 
only on@ + y¢, U-+ g itself should be a combination of the integrals of motion 
and thus satisfy Eq. (31). Using (41), we could inserl Yj. » in the left-hand 
side of (31), carry out the differentiations, equate the coefficients of identi- 
cal combinations of the powers of Il. 0, and Z and examine the resulting 
system of 21 equations, of which 12 arc independent. This was the method 
used by Oort in 1927 in his solution of the problem. A simpler method is 
to represent (/ -+ g as a combination of the inlegrals of molions that we have 
obtained for an axisymmetric system: 


Fai. OF -Z! xD, 
: 42 
2= AO. j a4) 
Since Y +- g is a polynomial of second degree in ll,#and Z, /, is alsoa 
polynomial of second degree, and /, is a polynomial of first degree, we 
naturally seek a combination of the form 


Ot gael regls + leg! (43) 
where c¢,, ¢,, and c, are constant coefficients. Inserting (41) and (42) in (43) 


and equating the coefficients of identical combinations of the powers of 
MI. 6, and Z in the left- and right-hand sides of the equation, we find 


m=0, 
=, (44) 
p=0, 
H= f=e,, (45) 
K=e,— oR, (46) 
eit 
Oy = Oe: (47) 
B= —2e,D— GR. (48) 


Eqs. (44) show that (41) is of the form 
Q <= HTP :- k2(8 — 84)! LE. (49) 


i.e., the axes of the velocity ellipsoid point along the velocity components 
in the cylindrical frame. 
Writing Eq. (47) in the form 


cy 


(50) 


eye, eg hE * 


we see that for small /?, specifically for #?* ..: oa we are virtually dealing 


with rigid-body rotation, whereas for large f Ut? » \]) the angular velocity 


decreases in inverse proportion to the square of the distance. 
Since Oort's coefficients (see Eq. (66), Ch. XIX) have the form 


1 5, de , a 
An SRF. Be Naw. (51) 
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using (50) we find 


and from (45) and (46) 
Le ao Le (52) 


a relation first derived by Lindblad. The coefficients A,/, and 4 are 
inversely proportional to the semiaxes of the velocity ellipsoid and therefore, 
writing on. 09, and o. for the semiaxes, we have 


Orn = O,. (53) 
bal ae Vs. (54) 


Thus, in an axisymmetric stationary system with ellipsoidal velocity 
distribution, the principal axes of the ellipsoid coincide with the velocity 
components in cylindrical coordinates, the semiaxes in the directions # and 
Z are equal in magnitude and the ratio of the semiaxis in the direction # to 
the other two semiaxes is defined by relation (54). Eq. (48) written in the 
form 


p= — ae — (55) 
is an expression of the relation among Stellar density, potential, and the 
radial semiaxis of the velocity ellipsoid. 

If for the neighborhood of the Sun we adopt Parenago's values of the 
coefficients A= +0.0195km/sec/pc, #= 0.013km/sec/pc, we find 
09/ oR = 0.63, in good agreement with the results of direct reduction of 
stellar velocity observations. 

The observations, at variance with the above theory, give 

CO; 

yp 0-50 
i.e., the semiaxis o, is not one of two equal major semiaxes, but is the 
smallest of the three. We have previously commented on this fact in §154, 
where we have shown that if pis regarded as a function ofonly two integrals 
of motion /, and /,, the velocity distribution function is symmetric in II and 
Z. We have just shown that for an ellipsoidal velocity distribution pis a 
combination of /, and /,, andthe theory therefore naturally leads to equality 
of og ando:. Since this result is at variance with observations, the distri- 
bution function of the residual velocities in the Galaxy of necessity depends 
on three independent integrals of motion, /,, /,, and 1,(the last being a 
quasiintegral) and the actual distribution of residual velocities in the Galaxy 
cannot be ellipsoidal. 

It will be shown in §159 that the distribution of the components of the 
residual velocity projections on the plane == 0 in the region of circular 
orbits is determined by the differential rotation of the stellar system. In 
principle, the distribution is not elliptic, although in practice it is close 
to an elliptic distribution. 
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Note that the constancy of og in a stationary stellar system with an 
ellipsoidal velocity distribution, which follows from (45), can be regarded 
as an indication of the fact that in the real distribution the dispersion of 
II, i.e., TT, is not particularly sensitive to #. In this case, Eq. (35) can 
be written in the form 


8? 03=07_ fF (1- R24? (56) 


Let us derive another relation between the kinematic coefficients and 
the density. We write Poisson's equation (17) in cylindrical coordinates 


a® 
seeing that 5= 0. 


FO, 1 oD a 
OWE Wait Fae = ~ AAG. (57) 
Since 
oo 
=—> > 22, 
we get = : 
en 
ant + oR = — 20(N Spe) = = 2(d — B)(— 24 FA B)= D(A BP), 
so that 
. an F a 2 
4nGD = — 2 — 2(A?— BY), (58) 
Let C2? = -=. It may regarded as a kinematic parameter, not unlike 


Aand 8B. The determination of C and Din the neighborhood of the Sun was 
attempted by Oort, Parenago, Kuzmin, Safronov. Probable values of these 
parameters are 


c 
D 


0.068 km/sec/pc, 
5.2-10°% g/cm? 


The density obtained from Eq. (58) is clearly the total density of stellar, 
diffuse, and other possible forms of matter in the system. 

§159. Variation of the residual velocity of a star. Circular and almost 
circular orbits. We will now write the equations of motion of a star in 
cylindrical coordinates which are obtained from (30) assuming a system with 
circular axial symmetry and z= 0 as the plane of symmetry. From (30) 


ara R(4 >) + SR 


2 (Rp) =0. (59) 
dz d® 
ae” Oo 


In the plane of symmetry £ vanishes and the conditions 


R=coust, 

dOo _ 1 30 

iio - KOR = const, (60) 
z=0 
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are therefore clearly seen to satisfy Eqs. (59), Circular orbits satisfying 
these equalities are thus allowed in the stellar system. 

Let us now consider the velocity of a star relative to a point which at a 
certain time had the same coordinates as a star moving in a circular 
orbit (60). Let & be the projection of the relative velocity on the plane of 
symmetry == 0, athe angle this projection makes with the direction of the 
circular velocity, and y the projection of the relative velocity on the ; axis. 
Then 


dR 


=r = 5 sin a. 
RO —0,.) = Ecosa, (61) 
dz 
aah 
If we now write the first two equations in (59) in the form 
az ce oe - . » » . 
ar = RO — ROE = # (8 — 0,)(8— Ve + 20,.). (62) 
d oi th : a aye r , a 2 . ah 
F [22 8 — 8+ )] = 1A? (8 - 8) + Fp (Pe) Ge =O, 
we get by (61) 
(sina) = = costa + 2w§ cos a, (63) 
4 (Rgsina) = 2BRE sina, 


where w is the angular velocity for a circular orbit and 


B= — sr ar (/??w). 

If at this stage we restrict the discussion to slars which initially had 
y= 0, i.e., which move in the plane of symmetry, Eqs. (63) remain valid 
at any time. 

It should be emphasized that the velocity of the star is not taken relative 
to some fixed body moving in a ccircular orbit. The velocity is determined 
instantaneously relative to an object whose circular orbit passes through the 
star's position at a given time. Therefore (, and # in Eqs. (62) and (63) are 
variable. 

Expanding the derivatives and solving Eqs. (63) for : and a, we get 


t= AE sin 2a, 
: (64) 


is 


= 


where 
-L=o T iB, 


If the initial velocity of a star relative to a point moving in a circular 
orbit is small, the star will move in a nearly circular orbit at least for 
some time, and the coefficients -| and & will therefore vary very slowly. 
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Ignoring this variation, i.e., taking .and 4 to be constant, we readily derive 
an integral of Eqs. (64): 


yit 


PS 4 ARE cosa ¢ SABAE In CL ae) Bis (65) 


where 6, is the value of = for ua — 


ra 


As we have noted in §157, the centroid of stars with small residual 
velocities moves (in a circular orbit) with a velocity which is nearly equal 
to circular. Therefore, if § and » are small, they can be considered as 
the projections of the star's residual velocity. In this case comparison 
with Eqs. (66), Ch. XIX shows that the coefficients -| and # are the Oort 
coefficients. 


«1 (in the neighborhood of the Sun this ratio is approxi- 


If we take i < 


mately equal to 1/11), then ignoring terms of third and higher order in (65) 
we obtain 


ca eee (66) 


Ro feast a he 


The same result can be obtained by integration of the equations 


fie, 


= dAzsin Zu. (67) 
a= 2 Acosta 2B, 


<_ is small. Eq. (66) shows that for 


which are obtained from (64) when 77, 


Helen (68) 
the tip of the projection of the residual velocity vector on the galactic plane 
describes an ellipse with axes §,and §,]/ mo Since 1—U= w>O, 
condition (68) is equivalent to the following: 


{ Kk [2M 3b oD 
y= J — ee ee 
Bes ob | ae Rak | <0. 
die 
i.e., 
eM gy ot 
ome) Te Fie < (69) 


In mechanics (69) is known as the stability condition of circular orbits. It 
is readily seen from (66) that if (68) is not satisfied, the residual velocity 
of the star increases indefinitely. 

Ie! us now consider the distribution function of residual velocities, 
restricting the discussion as before to small velocities. 

Each star has different velocities at different times and the set of these 
velocity values of a given star is described by some distribution function. 
The distribulion of residual velocities of a star can be defined by two 
parameters: ¢,, the projection of the residual velocity on the plane of 
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symmetry at the time whena- 3, and Z,, the projection of the residual 


velocity on the symmetry axis at the time when the star crosses the plane 
of symmetry. 


The time when a = + is clearly different for different stars; this also 


applies to the time of passage through the plane of symmetry. However, 
in a syStem which is stationary in the regular field the number of stars 


with a = > at any given time is independent of time and the number of stars 
passing through the plane of symmetry at a given time is similarly constant. 
Moreover, the number of stars with given :,and Z, which have a = x ata 


given time or cross the plane of symmetry at a given time is constant. 
Therefore, the observed distribution of residual velocities is the distri- 
bution that we obtain by assuming an arbitrary law of passage of all the 


P(E. 25) d&y dZo 


stars through states with u = 4 and > = 0 and then consider the entire set 


of residual velocities for all the times. A convenient assumption, say, is 
that at some time all the 


(E2, Z2) de, dZy (70) 


stars have u -- = and ; =0, from which we can proceed to determine the 


distribution function of their velocities at any time. 

Consider the distribution function of residual velocities at any time for 
stars with given:,. For the four-dimensional phase space (we are now 
concerned with the distribution of the projections of the residual velocities 
on the plane of symmetry) we can write an equation based on the fact that the 
number of points in a given volume element of the phase space is propor- 
tional to the time it takes the representing point to cross the volume element 
in the velocity space and the time it takes the star to cross avolume element 
in the ordinary space: 


(EX. a) dg, dq, da d& = c (&) (de), (doar (71) 


where qg, and ¢, are some orthogonal coordinates of the Star in a coordinate 
system lying in the plane of the stellar system, rotating with an angular 
velocity 0, and having its origin at the center of the system, (dt), is the time 
it takes the star to cross the volume element dg, dq, in the geometrical 
space, (dt), is the time it takes the representing point to cross the volume 
element éda déin the velocity space, c(E3) is proportional to the number of 


stars for which —= & fora=2. 


We may regard dq,, dqy,. €da, dg aS constant. Further note that since we 
are dealing with infinitesimal residual velocities, the displacements of the 
star are also infinitesimal and the phase density pis independent of the 
coordinates. 
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Let the coordinate line ¢,be tangent to the star's trajectory. Then 
(dt), = 
If dois the arc element that the star traverses in the velocity space 
inside the volume tdadt, we get 


i), 2 


Equality (73) can be written in this form, since by (64) and the stability 
condition (68) a >0., 


Inserting (72) and (73) in (71) and seeing that dg, and df are constant 
we get 


(BY, a) =e, (EE) (74) 


where c, (&,) is proportional to the number of stars with é 


=, for a=5. 
Multiplying the second equality in (64) by =: 


2, we get 
Ba = 2(Acos?a— B)E?= — 2BE, (75) 
Eq. (74) can therefore be written in the form 
‘A Bg 1 
p(?, a) =c, (E>) aE =, ( oot ) Tae (76) 
Hence it follows that 


(8. > )=0[(Sypoostatt ea], (77) 
We recall that ys the distribution function of the projections of the residual 
velocities on the plane of symmetry at any time 


representative of all the 
stars having § = & fora = i i 


+: Since the distribution of stars over &, and Z 


it follows from (77) and (70) that the distribution 


is expressed by (70), i i 
function of the residual velocities in the plane of symmetry of the stellar 
system is 


| (sjcota + 1) e. Zz; | 


Changing over to velocity components in the cylindrical system 


ll=€sina, 
0—6,=¢cosa. 
we finally get 


., A-B es 
f[ T+ =F (9-0, Z| . (78) 
Thus the distribution function of infinitesimal residual velocities in the 
plane of symmetry of a Stationary stellar system with a symmetry axis 
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and a symmetry plane contains the rae Il and #—#, not individually 


= 
but in a certain combination [? + * 


Big —t,)*. In other words, these 


components follow an elliptic eens 

Note that although the tip of the projection vector of the residual velocily 
on the plane of symmetry describes an ellipse (66), it does not follow that 
the velocity distribution is elliptic. To obtain an elliptic velocity distribu - 
tion, the tip of the projection vector should move with a velocity consistent 
with the law of areas (75), which was actually used in passing from (74) 
to (76). 

The function (78) also provides an approximate description of the distri- 
bution of finite residual velocities. The approximation improves as the 
residual velocities become smaller. 

A measure of approximation is provided in particular by the ratio 
lsar|- which was ignored compared to unity in passing from (65) to (66). 
For stars of the disk component of the Galaxy, this ratio is about 1/15, 
and for stars of the halo component it is close to 1/5. 


Observations give the ratio ii for the ellipse semiaxes pointing 


to the center of the Galaxy and along the centroid velocity, respectively 
(see §150). 

Note that the derived property of the distribution of residual velocities 
is entirely attributable to the regular field of the stellar system and is not 
a consequence of stellar encounters. Moreover, in the derivation we have 
tacitly assumed that the residual velocity varies only in the regular field anc 
ignored the effect of stellar encounters. 

The actual form of (78) clearly depends on the form of (70), which is 
unknown. It is also impossible to link up the velocity component Z, with 
the components II and $--0, by considering the regular field in general form. 
It is clear, however, that the ellipsoidal distribution does not apply, since 
otherwise observations would have given ratio (53), as well as (54), for the 
ellipsoid axes. 

Let us determine the time for the projection of the residual velocity on 
the plane == 0 to complete one revolution. Integration of the second 
equation in (67) gives 


fte= aretg io “tga ) ‘ 


2f—htl— my a 1— if) 


As a goes from 0 to =, the right-hand side of the equality is incremented 


at . . 
bY 7S’ the total period is thus 
| a en 
}- BAB) 

In general the period of complete revolution of the residual velocity vector 
is not commensurate with the ae rotation period. Their ratio is 


Ue | ae 


=F 


which for the Galaxy is approximately equal to 0.8. 
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Focusing our attention on motion along the =: axis, we note that for small 
< we approximately have 


— _{"- 


ane) 
gz) Xt =O. 


The third equation in (59) therefore has a solution 
z=asin( (t— f,), (79) 


where ¢ is the time of passage through the plane := 0, and ais the maximum 
distance of the star from this plane. Differentiation of (79) with respect 
to ¢ gives 


n=CacosC (t —¢,). 


The period of n is a 

As we have alrady noted, ( is approximately equal to 0.068 km/sec/pc = 
= 2.2 X 10715 sec”!, so that the period of yn, i.e., the period of oscillation of 
a star about the plane of symmetry, is about 9-107 years. 

§160. The virial theorem and its consequences. Consider a system which 
is stationary in relation to regular forces. The parameters of this system 
vary only due to the action of irregular forces, and their variation is there- 
fore slow. In this case the variation of the system parameters over fairly 
large time periods is adequately represented by a linear function. In 
particular, writing the expression for the moment of inertia of a stellar 
system relative to a fixed origin, 


P= mS. (tit yi tsi). (80) 


where the sum is taken over all the stars in the system (equal masses are 
assumed for all the stars), we may take 


d*{ 


at? 


=0. (81) 


Insertion of (80) in (81) gives 


1 are Ger an ae - . 
3 qe ee Dy (Tt + yi-b zi) +m ny (4,20, yy, + 2,2;) =0. (82) 
The first sum in this expression is double the kinetic energy of the stars 
in the system: 
2T =m Y wi, (83) 


t 


where w, is the overall velocity of a star. 
Let U be the potential energy of the stellar system, which is equal to 
the gravitational interaction energy of all the stars in the system. Thus, 


ee) Te (84) 
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where a double sum is used, since all the pair combinations of the stars 
are considered. The equations of motion for each star have the form 


au 
or, 


ee a au 
ar — ay = =. oF, : ass 


The second sum in (82), called the virial of the system, canbe transformed 
as follows: 


Ayo a oe + , aug; , aU . a 
m > (249.4%, +2z,z;) -——- 2 (2, aa TY, ay, =, =) . (85) 


The potential energy of the system according to (84) is a homogeneous 
function of degree —1 of the coordinates z,,¥,,2,, and therefore by Euler's 
theorem the right-hand side of (84) is simply equal to U. 

Eq. (82) thus takes the form 


27+ 0 =, (86) 
i.e., in a Stellar system which is Stationary relative to regular forces the 


kinetic energy iS equal to minus half the potential energy. This is the 


virial theorem. 
Since the total energy of a stellar system is the sum of kinetic plus 


potential energy, 
E=T+U, 


it follows from (86) that 
E=—-T= 0, (87) 


i.e., the total energy of a system which is stationary relative to regular 
forces is equal to half the potential energy or to minus the kinetic energy. 
Let us find an approximate value of the potential energy for a stellar 
system which is a homogeneous oblate ellipsoid of revolution. Note that 


the number of terms in the right-hand side of (84) is + MN —i1)= 5 WN, 
where W is the number of stars in the system. This sum is thus equal to 


+ N* times the harmonic mean of all the pair distances between the points 


of the ellipsoid, 
(F)=# Sf pene. (88) 


where 6 is the volume of the ellipsoid, dy, and dy, are the ellipsoid volume 
elements, and the integration is carried out twice over the entire ellipsoid. 
The integral in (88) cannot be evaluated analytically, but numerical integration 


gives x 
(=a. (89) 


where gis the major radius of the ellipsoid, and B is a parameter which 
depends on the oblateness of the ellipsoid; it decreases with increasing 
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oblateness and satisfies the inequality 
0.5352 = B,<B< By= 2 ~0.83, (90) 


where #, corresponds to perfectly flat (oblateness 4= 1) and 8. to spherical 
(h= 0) system, assuming that these systems are homogeneous. 
Thus, 


. Gm?N? 
Ces Se (91) 


and by (87) the total energy of the system is 


Gm2N2 
E= sue Toa (92) 


Eq. (83) can be written in the form 
Pr | =» 


where w is the rms velocity of stars in the system. 
Inserting (91) and (93) in (87) and solving for w, we get 


GaN 


w= Tra (94) 


Eq. (94) expresses the rms velocity of stars in a system in terms of 
other parameters; for the Galaxy, taking mN= 10%4g, p= 104pc, B= 0.7, 
we get w~120km/sec. For a globular cluster (mN= 10%g, p= 20pc, 
B=0.8), w27km/sec. For an open cluster (mN= 2-105g, p= 2pc, 
B=0.8), w=0.5km/sec. 

Let us now find the escape energy of a star, i.e., the energy required 
to overcome the gravitational attraction of the system. The escape energy 
is clearly equal to minus the potential energy U’ of the star in the system 


—U;=6r 4, (95) 
ix) id 


where the subscript / indicates that this is the escape energy of the ;-th 
star, and the single sum is taken over all i, except i= j. 


Comparison of (84) and (95) shows that the number of terms in (84) is 
+ NW —1), and in (95)N—1. Therefore if we formally add up the potential 


energies of the individual stars in the system, the result is double the 
potential energy of the system as a whole: 
. Gm?N? 
DU = Ws ~—. (96) 
J 


Dividing (96) through by WN, we obtain the average potential energy of 
a star inthe system. Minus this energy. 


Gmtn 
a (97) 
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is the mean escape energy of a star. This energy is equal to double the 
potential energy of the system per star. This relation also emerges from 
the following considerations. If we were to detach all the stars one by one 
from the system, the total energy expended in the process would be equal 
(in magnitude) to the potential energy of the system. However, as the 
removal of each star from the system reduces the total stellar population, 
the escape energy of each successive Star will be less than that of its 
percussor, since it is proportional to the numher of remaining stars minus 
one. Hence it follows that the escape energy of the first star to be removed 
from the system, (97), is double the potential energy of the system per Star. 
It also follows from (96) that writing the formal sum of energies of all the 
individual stars we get 


ME = VET) =U 47. (98) 


since the kinetic energy of the sysiem is equal to the sum of the kinetic 
energies of the constituent stars. 

Now consider a star whose kinetic energy is equal to the mean escape 
energy (for the first star). If the velocity of this star, whichis the critical 
velocity, is designated w,, we have 


1 GintN 
T MO = 77 
Therefore 
26m 
w= / (99) 
Comparison of (99) and (94) gives 
wo, = 2, (100) 


i.e., the mean critical velocity of a star is equal to double the rms velocity. 
§161. Irregular forces. Variation of the absolute velocities of stars 
following binary encounters. Let us first consider the relative velocities. 
We write w for the velocity vector of the star § relative to the star 5, 
before the encounter and place the origin at the star S, (Figure 180). 


Ww 
“- a 
5; 
ee 
eWoos & 
FIGURE 180 


Wr 
~d 
p=4 
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Let m and m,be the masses of the two stars, respectively. As we know, 
the star S moves in a hyperbola whose equation in polar coordinates is 


iu 


“=Trecose* (101) 


if the polar axis is directed along the axis of the hyperbola. Heree is 

the eccentricity, ois the parameter of the hyperbola. Let » be the angle 
between the axis of the hyperbola and its asymptote. Then, as we see from 
the figure, the direction of the velocity vector of the star 8 will change by 
n— 2pin the encounter. According to the law of energy conservation, the 
magnitude of the - elative velocity does not change in such an encounter, 
and the magnitude of the vector increment of the relative velocity is 


2 cos. (102) 


Let us find cos p. We see from (101) that e—wyforr-»a@. Thus, 


cosp=t (103) 
We know from analytical geometry that 


ae 


Stead, (104) 


where pis the impact parameter. On the other hand, from the law of areas 
in the two-body problem 


VG(ata=up, (105) 


since the right-hand side of (105) is double the areal velocity at infinity. 
Eliminating ¢ and o between (103), (104), and (105), we get 


espa [t- gA] . (106) 


€ (an 4-a7,)* 


ie 


The change in relative velocity is thus obtained without much difficulty. 


Multiplying the resuit by we obtain the change in velocity relative to 


mpm,’ 
the center of inertia of the two approaching stars. 
We are naturally concerned with the change in the absolute velocities, 
i.e., the velocities of stars in some fixed frame of reference. 
If vand r, are the velocities of the stars Sand 5, before the encounter 
in a fixed frame of reference, we have 


w=UV—D, (107) 
1 
Uy = my (MY + mv,), (108) 


where », is the velocity of the center of inertia of the two stars, which 
remains constant during the encounter. 
From (107) and (108) we readily find 


my 
t= - 
vy mpm, an: 
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whence 


mi wt, (1 09) 


2 2m 
v® = 0g + —— a e'cosy -§ ——_ 
(at a: ay)? 


mb ty 
where x is the angle between rv, andw. After the encounter, we similarly 
have 


a2 ata a Ae yt ot aj at 
z ot aa ie! Cus X + ing moe (110) 
where x is the angle between rv, and the relative velocity w’ at the end of 
the encounter. 
Subtracting (109) from (110), we find the change in the square of the 
absolute velocity: 
2m, 


Avt= 
m+m, 


vat (Cos xX” — Cos x). (111) 

The plane through »v and v, we call the fundamental plane. The vectors 
v, and w also lie in this plane. The orbit in general does not lie in the 
fundamental plane. Let @ be the angle between the orbital plane and the 
fundamental plane. The vectors # and w’ and hence the angle y»p all lie in 
the orbital plane. 


FIGURE 18] 


Let i be the angle between »v, and the orbital plane, ¢ and 4’ the angles 
that wand w make with the projection of v,on the orbital plane. Then 
from Figure 181 


Cos X = cos pcos!; 
COS %’ = cos tp’ cos i; (112) 
sin%cos9=sin@cosi. 


Eq. (111) can therefore be written in the form 


Av? = Pt —y,i0 (cos p’ — cos g) cosi. (113) 


The angles @ and gq’ lie in the orbital plane and are related to the angle p 
by the equality 


PY —~=n—2yp. (114) 
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Using in (113) the trigonometric identity for the difference of two 
cosines and applying (114), we get 


Av? = ——*71_ y iycos(p — p) cosipeost. (115) 


mapm, 


Expanding the cosine of the difference of two angles and using (106) and 
(112), we get 


2 | Amy Ug! : pu? 
Av? = aa, 1 ag! [ cosx +-sinxcosd = | : (116) 
G? (m = m,)* 


Further using the properties of the scalar and vector products, we find 


\ 
LOS se |e — yymv-+myv,) = 


are [anv® - mvj 4+-(m, — m) vu, cosa}, (117) 


wu, SIN = [a |v — v, % mv t+ m,v,] = vv, sina. (118) 


Making use of (117) and (118) in (116), we finally obtain for the change in 
the square of the absolute velocity of a star following an encounter 


Av? = pe, seek AD x 
(mm)? Paws 
' @(m-+m,* 
x [ mo? — mt + (in —m,) uv, cos a -+ — ve, sin a cos a]. (119) 


Eq. (119) was originally derived by Chandrasekhar. 
§162, The probability of a binary encounter with a given change in 


absolute velocity. Let pau, where v is the rms velocity. We will find the 
r 


probability F (6, h)dk dt that in a time dt a star with a given 6 will encounter 
another field star under such conditions that the relative change in the 
square of its velocity naa will be between kA andh+ dh. We will only 
consider binary encounters, ignoring encounters between more than two 
stars. The problem can be investigated for a general case of an arbitrary 
mass distribution function in the system (which is however assumed to be 
the same throughout the system). 

Here for simplicity we will consider two important particular cases: 

A. All the field stars have the same mass, which is further equal to 
the mass of the star being considered. 

B. All the field stars have the same mass, but the mass of the star 
being considered is vanishingly small. 

Let us first consider case A. Eq. (119) can now be written in the form 


= Bb pws ms 
coso= — Pe [ (1+ 5 art i | ‘ (120) 
where 
k=, p=Gm, (121) 
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For the variables in (120) we have the constraints 


—l<cher, (122) 
k>Q, (123) 
peu, (124) 

--l<cosa<z +1. (125) 

1 —cos?0~0, (126) 


Constraint (122) shows that the square of the velocity cannot decrease 
by more than the square of the velocity of the star itself and cannot increase 
by more ihan the square of the velocity of the field star taking part in the 
encounter (the latter follows from energy ccnservation considerations), 

Let now all the parameters, except cos 6 and hk, be fixed. Then 


vit ns ft pw! 
devsd= marie (1 + oe ) dh. (127) 


If the star field is characterized by a star density WY, and the velocity 
distribution in the field is described by /(A) ¢&, the number of encounters 
between the star being considered and the field Stars in a time dt for the 
given parameters is 


2ap dp- Dw dt. f (k) dk-— sin a da-—S289 _ , (128) 
nf 1—cos?6 

Consider the four-dimensional space (4, cosa, p, cos@) and its subspace 
(4, cosa. p). We fix the values of 4 andk-+ dh. If cos 0 in inequality (126) 
is replaced by its expression from (120), the set of inequalities (122) 
through (126) define a domain in the subspace (4, cosa, p) which ensures the 
desired #. Each point in this part of the subspace corresponds in the space 
(4, con a. p, cus 0) to a point which generates the piven # and another point which 
generates the given + dh. The values of the coordinate cos 0 in this sub- 
Space are defined by inequalities (120) and (127). In this way we obtain the 
sel of points in the space (4, cosa, p,cos0) which give A between 4Aand h+dh. 
The probability density in this region is given by (128). 

It follows from the preceding that to find the probability of an encounter 
with k lying between Aand f+ dh, we should insert for cos@and ¢cosé in 
(128) their expressions from (120) and (127) andthen integrate over the 
entire domain of the subspace (4, cosu, p) defined by constraints (122)—(126); 
in (126), cos 0 should also be replaced by its expression from (120). 

The domain of integration over pis determined by constraints (124) and 
(126). Inserting (120) in (126) and writing 


wh 
os tea (i293) 
= Bb E 
b= h (hs 1B), (130) 
: (131) 


c= 
ws sina ' 


we obtain 
a*p! —(1 — 2ab) p? + <0. (132) 


This inequality is solvable if 
(1 — 2ab)? — 4a°b? = 1 —4ab > 0. (133) 
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If, however, (133) is satisfied, the two roots (p*), and (p®), of (132) are 
positive. Writing p, = V(p*), and p, = ) (p*),, we see that for positive p 
inequality (133) is satisfied when 


MSPS Pr, (134) 


which defines the range of integration. 
Inserting from (120) and (127) in (128), we carry out the integration over 
pand using the notation (129)—(131) write 


By a 
‘4 cia p* ) pap 
Dus dt f (k) dk sin ade | a Aer ; 

¥ —[a?pt— (1 — 246) p*+-b° 


Mh 


(135) 


Changing over to p*as the variable of integration, using Euler's substitution, 
and seeing that (p*), and (p*), are the roots of the radicand, we obtain after 
integration making use of (129)— (131) 


2n Dy? at Fa f(a) ak [ 242 sin? a—h(1— 2) ESO (136) 


We can now integrate (136) over cosa in a certain interval [(cosa),, (cose),). 
To this end, we make use of the relation between the absolute and the 
relative velocities of the approaching stars: 


w= v?-+ ul — 2uv, cosa =v? (1 + A? — 2k cosa). (137) 


Changing over to a new variable of integration 4 and taking the integral, we 
get 


Spas Oates (8) dk [ — ZH (14 A M)- 2S + | (138) 


We insert (129) and (130) in (133). Factoring, we get 


cos? a <(lth(1~). (139) 


This inequality and inequality (125) specify the range of integration over 
COS a. 
If 


ho 0. 


hele NEA, | A30) 


we have 


(eM (1- g)-1=ZU-1-m) <0 


so that the range of integration over coSa@ is defined by inequality (139). 
In this case we calculate w, and w,: 


wa after [ F Vusn(i-4+) |}= e(VIFhs VRRH). (141) 
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Inserting these values of w, and w, in (138), we find after simple manipula- 
tions 


a di . 2 2 
= ray Dew (K) dk ats $ (4k? —h) ae i192) 
If now 
h>, (143) 
R> lth, 


the limits of integration over cos a are defined by inequality (125), and w, 
and «, are expressed by 


mya = Vor pe — 2k (+ I = 0(k ¢ 1). (144) 
Insertion of w, and w, in (138) gives 


Sm Duj (hy dh dt 24h +4). (145) 


Using (140) and (143), we can now take the integral over 4, which for 
h > 0 gives the sought probability of encounter with a specified change in 
velocity: 


dh t 
we T 


Vi-th 
4 Sioa 
Fip. h)dhdt = — Dud eee 2 (ARH I eT hadh 
(B. i) dh a5 u r[ » oe + ( n) WIR Oh dls 4 


3,2 ht 
+ ; [(h)dk-Z4(h aS )ar] (146) 
Yith 


Assuming a Maxwellian distribution, 


i Wy - : 
oe ee _ 3K 6 op Hay 36g, 5B 
{(k\dk = f (v,) du, = Vi =e day == 8 k%e dh. (147) 


Inserting (147) in (146), changing over to a new variable of integration 
k=Vi—h, integrating in the second term and integrating by parts in the 
first term, we obtain after simplifications 


J 
=. Pt phy 


1 
4 ba Dp? ¢ 2 
ee \ (4k + hye dk. (148) 
0 


ee ats 


To find the sought probability for #<0, note that in this case 
Re1th (149) 
leads to 
(+4) (1-g)-I>u. (150) 


This shows that the integral should be taken between the limits specified by 
inequality (125) andw,,,=v(1+4). Substitution of w, and w, in (138) thus gives 


4 Ae Dif (baked ah-4 ($i bh). vet 
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Similarly, the conditions 


ieee | nee) 
give 
wo, ,=0(VR?—-A 4 Th). (153) 
and from (138) we have 
SMe Duf(i) dk tS (4e ny THR. (154) 


The integral over & takes the form 
Vick 


ena \ 4( fern) saan f 444 myTehi sires} — (155) 
0 VTq4A 


Inserting (147) in (155) and transforming as for (146), we get 


4 6a Dp? fe —S pre 
FB, sr he { (44°- A)e 2 dk. (156) 
v 


It is now more convenient to replace h= = by 4B, which is henceforth 
designated by g, so that g=Av?—Bs. Now, seeing that 
M(B, e)dgdt=F (B. ht) dh dt. 


where (8. #)dgdt is the probability of a stellar encounter changing Bby an 
amount » occurring in a time d/, Eqs. (148) and (156) can be written in the 
form 


D(B. g) = Hw (B. p). (157) 
where 


V 
— = —3 pres! 
O* (B, g) = 16 Vba T.3] \ (t+lilye 5 (Bats 2 


=) ak. (158) 


Using the absolute value notation, we combined Eqs. (148) and (156) into 
a single expression, which applies to positive and negative g. 

If for case B we take «= 0, then acting along the same lines as in 
case A, we end up with the same expression (157), where @*(f, g) is given by 


WOE) ay, 


@* (8, g)=16 v 6x 5 ( ke dk. (159) 
AV 45-4] 


The function *(, g) is independent of the star field characteristics p, D.¢v. 
The values of {g@*(B, g) for case A, m=m,, aretabulatedin Table 1, and the 
values of lz ©*(f, g)for case B, m=0Q, are tabulated in Table 2. 
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TABLE 1 TABLE 2 
Ns AK B | 
o 1a Ju 4.u ~w u {0 2.0 | 40 
v \ uv 
I 
1.0 0.488 0.885 | 0 634 J 0.515 1.0 1.077 1.106 | 1.045 | U.921 
n6 1.22 1.o08 | 1 473 ) £357 Of 1.o86 1.743 | 4.707 ) 1.987 
0.4 1.774 2.104 2 070 | U.968 0.4 1.978 2 296 2.230 | 2.114 
9.2 2.907 3.083 | 3 056 | 2.948 0.2 2.605 3.13 | 3.128 | 3.017 
md 3.175 J 3.99 J 5 992 | 3.985 v1 3.223 4.023 | 4 027 | 3.920 
U.S 3.809 4 HID 4 910 | 4.806 aS 3.834 4.991 4.928 | 4.823 
Abs | 4.18 4959 7 4.850 -0.05 4.904 4.924 | 4 826 
ot 4.024 4.0350 | 3.951 -0O.1 3.993 | 4.019 | 3.922 
-0.2 | 3.126 [666 | 3.077 “a2 $.070 | 3.011 | 3.010 
-0.4 | 2.218 2.310 | 2,207 --0.4 2.112 2 198 | 2.40 
a6 [645 | € SIS] 1.745 -0.6 t.582 | 1.657 | 1 378 
tu fae) 1.186 | 1.148 fa foe) 0 976 | 0.904 


Eqs. (158) and (159) show that for g —-0 the functions (* (B, g) increase 
to infinity. This is so because in our integrals we did not impose an upper 
bound value on the impact parameter. However, it is only for distances 
less than the average interstellar distance that binary encounters are indeed 
much more frequent than multiple encounters, which were ignored in 
ouranalysis. Multiple encounters obviously reduce the overall effect, since 
the different stars pull in different directions and the geometrical sum of the 
gravitational forces is less than their arithmetic sum. 

The complete solution should of course take multiple encounters into 
consideration. This complex problem, however, falls beyond the scope of 
our course. We will therefore consider an approximate Solution. Let g, be 
the maximum change in f, when for both stars it is equal to unity, and the 
impact parameter is equal to the mean distance between stellar neighbors. 
Since for the average values of mand win stellar systems and for p, of the 


order of I pc, pase is of the order of 105, the last term in brackets in Eq.(119) 


is large compared to the other terms, which are therefore ignored, toge- 
ther with the unity in the denominator. We thus get 


Av? 4p 2Gmr 
80 = v cts =e (160) 
Priv” Pov” 


For ]g|>g,, the functions ®*(B, g) are given by (158) and (159). For |g|< 4, 
@*(B, g) do not vanish, since even for small impact parameters the velocity 
will change given an appropriate choice of the remaining encounter para- 
meters. Nevertheless, the values of these functions are substantially less 
than those prescribed by Eqs. (158) and (159). The importance of these 
small velocity changes is not large, and the Solution of the irregular field 
problem will not be distorted if for |¢|<g, we take O*(f, g) = O*(f, g,). 

Table 3 lists the values of «, for the star field around the Sun and for a 
globular and an open cluster. 


TABLE 3 


3-208 


Stellar system 


Star field near the Sun 
Globular cluster... .. 
Open cluster. ......- 


5- 1074 


§163. VELOCITY VARIATION AND RELAXATION TIME 


§163. The general problem of velocity variation in the irregular field. 
Relaxation time. If for some random variable Bf we know the probability 
‘D(B, g) dg dt that in a time dt the change inf will fall between ¢ and g + dy and 
the probability of noticeable changes is not particularly small compared to 
the probability of infinitesimal changes, we are dealing with a stationary 
discrete process of variation of the random variable B. Discrete processes 
are the subject of the theory of stochastic processes. The behavior of a 
random variable in a stationary discrete process is completely determined 
if we know the probability Lip. ¢. y) that a random variable with initial value 
B will assume after a time ¢ some value not exceeding y. The functions 
@ (f, g) and Lip, ¢, y) satisfy the two integro-differential Kolmogorov — Feller 
equations :* 


WAP EY _ 1(8, ty) | O(B.5—) dd + | £(5,4. v) OB, 5—BIds, 
9 


Vv 


(161) 


Y oo » y 
ABN) _ \ Li(B. t. 8) dd {0 (p,e— 6) de — ( Li(B, t. 8) dS \ (5. e—8)de. 
—« 0 0 90 

Since the function ®(f, g) is known, Eqs. (161) can be used to find /(p, ¢, y). 

Knowledge of L(p.t,y) enables us, in particular, to estimate the relaxa- 
tion time of the system. Indeed, if /(p)is the distribution function of the 
velocities squared (divided by v?) in a system which is stationary in an 
irregular field, we have 

Y 


lim L(, & y) = \ {(8) dd, 
=e 0 


: ; i, if B<y, 
lim LB W={ y if BSy. 


The relaxation time t can be defined as the time in which the probability Z 
changes by 0.9 of the maximum change attainable for t—- a: 


“LAB. = LtR. 9.9) _ 
Lip, ow, yy — Lp. 9, y) = 0.9. (162) 


Although the value of t in (162) depends on Band y, this dependence is not 
very pronounced. We may therefore take the value of tfor B=0, y=1, 
say.. Then, assuming a Maxwellian velocity distribution 


= 3 
(8) B= TER VB FP ap (163) 
we have 
1 
L£(0, t, 1)=0.140.9 ( f(6)dd = 0.524 (164) 
0 


and t can be found from (164). 

The solution of Eqs. (161), however, involves considerable difficulties. 
We therefore recommend an alternative method for estimating relaxation 
times. 


° See, e.g., Gnedenko, B.V. Kurs teor1i veroyatnoste: (A Course in Probability Theory), §53.— 
Gostekhizdat. 1954. 


583 


Ch. XX. STELLAR DYNAMICS 


The mean square rate of change of B for an average star is 


22 wo 


8 
z= {7(6) 48 [ ( O(@, g)s*dg + | 1, —2)g*dg]. (165) 
0 0 


0 


Inserting (157) in (165) and assuming a Maxwellian velocity distribution, 
we find 


2D 
wa kK Ee, (166) 
where X is a constant number: 
av3 bye ole ee: 
K= Fe \ VB e 2 ap [ \ orp, g)gtdgt | O*(, -g)gtdg|. (167) 
en 6 3 


In accordance with the remarks at the end of §162, *(f,+¢) can be taken 
equal to *(f. +¢,) when integrating over g from 0 tog,. Evaluation of (167) 
for the values of g, listed in Table 3 gives the following values of kK: around 
the Sun in the Galaxy 210, for a globular cluster 130, for an open cluster 50. 

The relaxation time can be defined as the square of the range of the 
change in f, corresponding to a change in velocity by one rms velocity (this 
quantity is equal to unity), divided byx, the mean square rate of change in 
f. Hence it follows that 

) 


age Ont re Oe 
“=D ~ Kom D - (168) 


Some relaxation times estimated from Eq. (168) are listed in Table 4. 


Star field near the Sun. . 30 V2 
Globular cluster... ... 10 ! 
Open cluster ........ 0.4 L 


The relaxation time of the star field around the Sun is thus exceedingly 
large, much greater than the conceivable age of the stars. Therefore 
during the entire lifetime of the Galaxy the irregular forces could not have 
had a substantial effect on the structure of the galactic region around the 
Sun and the local distribution of stellar velocities. It should be noted, 
however, that irregular forces are set up not by stars alone, but also by 
more bulky formations — such as star clouds and clusters, large clouds of 
diffuse matter, etc. If Eq. (168) is applied to star clouds, say, the factor 
mD in the denominator, which is equal to the density of matter, will remain 
as in the problem with individual stars, whereas the other factor, m, will 
increase by a factor of 10’, giving a relaxation time of the order of 10°, 
Proceeding from these considerations, Gurevich (1954), Spitzer and 
Schwarzschild (1953), and others are of the opinion that the galactic relaxa- 
tion time is not particularly large compared to the star age. This problem 
has not been fully elucidated at this stage. Large-scale inhomogeneities 


TABLE 4 


Stellar system 
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clearly reduce the relaxation time in the Galaxy, but this effect can hardly 
be considered with any accuracy, since in the derivation of Eq. (168) we 
regarded all the gravitating objects as point masses, whereas the stellar 
clouds and accumulations of diffuse matter are very extended objects. 

The relaxation time in globular clusters is also large compared to the 
accepted ages of stars. It therefore seems that the globular clusters are 
not in a state of equilibrium in the irregular field. 

In open clusters, on the other hand, the relaxation time is relatively 
short. Thisindicatesthat the stellar clusters have reached the state of 
equilibrium in the irregular field. ; 

§164, Distribution function of the residual velocities and the rate of 
dissipation of stellar systems. Consider a nonrotating stellar system 
whichis stationary inthe regular field. Any such system shouldbe spherical 
in shape, with zero centroid velocity at any point, so that the total velocities 
of the stars are equal to the residual velocities. 

If the stellar systems were enclosed in gigantic sealed vessels preventing 
all dissipation of stars, it would follow from Boltzmann's theorem of 
Statistical equilibrium in gases that stellar encounters should eventually lead 
to a Maxwellian velocity distribution. 

Therefore in the stationary state the equation of balance 


a 


f(8)\ D6, 8)dg=\ 4(2) (2, B—z)dz, (169) 
=p 


which states in mathematical terms that at any time the number of stars 
leaving the interval [B, B + dB] is equal to the number of stars entering this 
interval, has a solution corresponding to a Maxwellian velocity distribution 
(163). The same result follows from the theory of drunkard's walk 
according to the limiting theorems of Markov processes. 

Stellar systems, however, are not sealed in closed vessels, and stars 
with supercritical velocities escape from the system. The systems are 
therefore free from stars of supercritical velocities. This does not mean, 
however, that the distribution of subcritical velocities remains Maxwellian. 
For a quasistationary system this process of variation in B is described by 
a drunkard's walk model with an absorbing screen at the point B’ corre- 
sponding to the square of the critical velocity. 

In this model the distribution density near the absorbing screen is 
invariably less than the distribution density without absorption. The number 
of stars with near-critical velocities in stellar systems will therefore be 
less than the number prescribed by the Maxwellian distribution. 

Since in a quasistationary stellar system the number of stars JN (f, ¢) dB in 
the interval [6, B+ dB] is a function of time, (6, ¢) being zero for b>’, the 
equation of balance can be written in the form 


a B 


N(B, t)) OG, g)dg=\ N(z, 1)@(2, B—2) dz— 208 | (170) 


Because of quasistationarity 


N(B, t)=f (B) N (¢), 
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where N(t)is the total number of stars in the system. Eq. (170) therefore 
takes the form 


tea) " 


i] 
1@) J 06. 8) dg= \ 1(2) (2, B—2) 82-1 Oya (171) 


Eq. (171) is an approximate equation, since it is written for the system 
as a whole, whereas the value of ’ is different at different points in the 
system. We are thus in fact dealing with some average solution of the 
system, i.e., the system is represented by some typical subsystem with 
average critical velocity. Then, according to the results of §164, p’= 4. 

The second term in the right-hand side of (171) is also expressed in 


terms of /(6) and O(f, g), since the rate of dissipation is determined by 


4 wo 4 on 
oy = dt \7@)a8 \ @6. g)dg =" 2" 7(p) a8 ( w*(B, gyag. (172) 
= 0) 4—B 


Eq. (171) is thus an integral equation for /(B). It can be solved only by 
approximate methods. Therefore, seeing that the dissipation is a Slow 
process, we can first ignore the second term in the right-hand side, find 
an approximate solution of the simplified expression, and then use this f() 
to calculate (172) and in (171). For the values of B substantially less than 
6’, /(B)is not much different from (163). For values of § close to ’, this 
difference is considerable. It is particularly large in problem B. The 
dispersion of the Maxwellian distribution for objects of zero mass is 
infinitely large, the function (163) becomes monotonically increasing and 


takes the form 


1(B)=KYVB, (173) 


so that it can be normalized (in order to find K) only after introducing a 
cutoff, i.e., assuming that /(§) has the form (173) for B < B’ and ‘vanishes 
for B > Bp’. The introduction of an absorbing screen greatly lowers the 


values of /(B)in the region near 6’. 
Table 5 lists the results of the approximate solutionof (171)for problem 


A and compares these solutions with function (163), Since the solution 
depends on the values of g,, two solutions are given: one for open, the other 
for globular clusters. 
TABLE 5 
Ig f (B) 


pa |Maxwelll open 
cluster 


globular 
cluster 


bution 
0 —c —o —oo 
0.3 1.89 1.89 | 1.89 
0.6 1.56 1.56 1.56 
0.8 1.10 1.40 1.10 
0.9 2.86 2.85 2.85 
0.95 2.75 2.66 3.66 
0.98 | 2.68 2.49 2.43 
0.99 2.65 2.42 2.27 
1.00 2.63 2.34 3.34 
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Thus, if the distribution function over fp is known, Eg. (172) gives the 
rate of dissipation 


aN _ p?Ddt 


NW H, (174) 


ps 


where 


4 on 
H= j 1(B) dB | @*(B, g) dg. (175) 
4—B 


Application of Eq. (175) to case A gives the dissipation rate from a 
system of objects of average mass. For open clusters we get H= 1.1, for 
globular clusters H= 4,0. Inserting the functions /(f) and *(f,g)for case B 
in (175) gives the rate of dissipation from a system of objects of vanishingly 
small mass. For open clusters we have H= 43, for globular clusters 
H = 130. The rate of dissipation from a system of objects of zero mass 
is thus one and a half orders of magnitude greater than the rate of dissi- 
pation for objects of average mass, 

According to (174), an open cluster loses about 15% of its medium mass 
stars and virtually all the light stars during one complete revolution of the 
Galaxy, which is equal to 205-10* years for the Sun. During the same time 
a globular cluster loses only 0.008% of medium mass stars and 0.25% 
light stars. The dissipation of open clusters is thus very fast, whereas 
the dissipation of globular clusters is an extremely slow process. In 
galaxies, the effect of stellar encounters virtually rules out all possibility 
of dissipation. Dissipation may nevertheless occur following encounters 
with star clouds, star clusters, and other massive objects. 

§165. The most probable distribution in phase space. As we have noted 
in the preceding (§154), a characteristic property of a system which is 
stationary in the regular field only is that the distribution of stars in phase 
space is not affected by the action of regular forces but does change under 
the action of irregular forces. Our problem now is to find how the system 
will change under the action of the irregular forces and to determine its 
final state. If there were no dissipation, this limiting state would clearly 
be the stationary state in both the regular and the irregular field. By 
analogy with statistical physics it is clear that it should correspond to the 
most probable distribution of stars in phase space. Following the procedure 
outlined by Ogorodnikov, we will determine the properties of this most 
probable distribution using the methods of statistical physics. 

Dissipation effects are ignored. The velocities of stars are then limited 
by the critical velocities and the stellar system, which is regarded as 
bounded in normal space, also occupies a bounded volume in phase Space. 
The finite phase volume is divided into s phase cells so that 


1<s<N, 


i.e., on the one hand the number of cells is large and on the other hand each 
cell contains numerous stars. 
Let y, be the volume of the i-th cell. Clearly, 


a 
py vt =e r, 
where lis the entire phase volume of the system. 
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Let now 


A.= te, 


If the only restriction imposed on the system is the constancy of the number 
of stars (a natural assumption in the absence of dissipation) 


3 
2, n,= N=const, (176) 


where n, is the number of stars in the i-th cell, we naturally assume that 
the probability of any star to be found in the i-th cell depends on the 
position of the cell in the phase volume and is equal toi,. According to 
the binomial distribution, the probability that for a random arrangement 
of stars in cells their numbers in the respective cells will be n,, n,,..., n, is 
given by 

A AMUABS LAs (177) 


nylngl... ns 


Note that n, and 4, are related by the equality 
r= Piri (178) 


where yp, is the phase density in the i-th cell. If we were to calculate the 
most probable distribution under the sole restriction (176), we would find 
that n, were proportional toA,, i.e., the stars would uniformly fill the phase 
volume giving constant phase density. In fact, however, two additional 
restrictions are imposed. The first is that in a stationary system the sum 
of the energies of the individual stars, defined by Eq. (98), is constant: 


8 8 

D Ei =F D9, (18 + 834-22 + 204) = const. (179) 
i=1 i= 

The second restriction is the constancy of the sum of the angular momenta 
of the stars about the rotation axis of the system: 


m pay n,R,O; = const. (1 80) 


In writing Eqs. (179) and (180) we made use of the fact that all the stars 
in one phase cell can be assigned the same coordinates, so that each phase 
cell is represented by a single term in the sums. Since the phase density 
(the sought function) depends only on the integrals of motion of the stars, 
we need consider only restrictions imposed by integrals of motion of stars. 
Restrictions (176), (179), and (180) fall under this category and they in fact 
exhaust the field. Further note that Eq. (180) is exact, whereas Eq. (179) 
based on the virial theorem is fully applicable only to stationary systems 
or to systems with a linear variation of the moment of inertia. Since the 
system being considered is by assumption stationary in relation to regular 
forces, and the irregular forces produce slow variation of the system 
parameters, Eq. (179) is applicable to our discussion. 
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The problem now reduces to finding the maximum probability P, or equi- 
valently the maximum In P, as a function of the variables n,,n,,...,n, under 
constraints (177), (179), and (180). Consider the function 


a a a 
L=inP+h, 2, nth, 2, n,Ei + 2ky 2 nR,o,, (181) 


where k,, k,, k, are Lagrange's indeterminate multipliers, which absorbed 
the stellar masses. 

Equating to zero the partial derivatives of this function with respect to 
all the n,, we find 


ab 


d - 
eo onto) 4 In Ay +4, +k, Ei + 2k,R,9,. (182) 


If the n, are sufficiently large, we have 


dIn(n}) In [(ny+1)1}—In (ay!) 

Sta more = ny + 1) = Inr,. 

Inserting in (181), solving for n,, and dropping the now superfluous sub- 
script i, we get 


N= Det theE’+2keRO, 


or, using (178), 
y= ehitheE’+2hsRO | (1 83) 


To establish the physical meaning of this solution, we transform the 
power exponent in Eq. (183) as follows: 


k, (11? + 6? + Z? — 2U') + 2k, RO = k, [I]? + (0 — 0,)*-+ Z?— 2’ — 83], (184) 
where 


o)= ZR. (185) 


Since the phase density is now seen to be a function of II, 6—#,, and Z, we 
conclude that @, is the centroid linear rotation velocity. 

By Eq. (185) $,is proportional to AR. The centroid angular velocity is 
thus constant: 


o= Ft = —72 = const. (186) 
It also follows from (183) and (184) that the residual velocities follow a 
Maxwellian distribution which is the same everywhere throughout the 
system. 

Thus, the most probable state of a stellar system is characterized by 
rigid-body rotation, Maxwellian velocity distribution, and constant kinetic 
temperature. 

These results are quite acceptable. They show that the irregular forces 
in a stellar system are in a sense equivalent to viscosity, levelling out the 
differences in the angular velocities of adjoining layers in the system. 
Moreover, they act toward establishing a Maxwellian velocity distribution 
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at any point and also govern heat exchange processes between different 
parts of the system, eventually leading to uniform temperature. It should 
be remembered, however, that we ignored dissipation in our treatment. 
Our results therefore indicate the trend of events, whereas the system as 
a whole definitely does not rotate as a rigid body and is not isothermal. We 
moreover treated the system as bounded in space. This in its turn shows 
that the results are a priori inapplicable to the outermost regions of stellar 
systems, 

The time for the system to attain the most probable state, ie., to become 
stationary in relation to both the regular and the irregular field, we call the 
large relaxation time. Since the Galaxy and other spiral galaxies show 
differential rotation, they evidently have not reached the most probable 
state. The ordinary relaxation time — the time to establish the most pro- 
bable distribution at a point — is apparently shorter than the large relaxation 
time. 

§166. Dissipation of stellar systems. Dissipation of stellar systems due 
to the action of irregular forces was first considered by Ambartsumyan 
(1938). He determined the rate of dissipation of a nonrotating system, 
assuming that the fraction of stars dissipating during the relaxation time of 
the system is equal to the fraction of stars with supercritical velocities in 
the Maxwellian distribution. The critical velocity, according to §160, is 
equal to double the rms velocity of a star. 

This argument is not entirely unobjectionable, since dissipation does 
not require establishment of a Maxwellian distribution in the entire velocity 
range: it only suffices that some stars acquire supercritical velocities. 

In this respect, the method proposed in §164 for the determination of dissi- 
pation rates is more reliable. 

Comparison of the two methods has shown, however, that for medium 
mass stars Ambartsumyan's technique gives adequate results. The appli- 
cation of this method enabled Ambartsumyan to establish for the first time 
that open clusters decay fairly rapidly and that multiple Trapezium- type 
stars decay extremely rapidly. 

In this section we will apply Ambartsumyan's technique to the more 
general case of rotating systems. 

In 1950 Gurevich and Levin noted that owing to the great significance of 
close encounters, the velocities of stars mostly change in small portions. 
The velocity of a star escaping from the system thus in most 
cases exceeds the critical velocity by a very small amount, and the energy 
that these stars carry away is therefore virtually zero. This means that 
the total energy of a stellar system is virtually conserved in dissipation. 

This important condition 


E =const (187) 


provided a key to the study of the evolution of nonrotating gravitating 
systems, stellar systems included, in the course of their dissipation. 

Eq. (187) is applicable to dissipating rotating stellar systems too, 
although in this case one must know how dissipation affects the total angular 
momentum of the system. 

Note that escaping stars on the average carry away a larger angular 
momentum than the mean for the same number of stars in the system. 
Indeed, supercritical velocities are preferentially attained by stars whose 
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residual velocites make but a small angle with the centroid velocity. The 
angular momentum of these stars is clearly greater than the average 
angular momentum of stars from the same volume element, It therefore 
seems that the dissipating stars carry a certain excess angular momentum, 
in addition to the average angular momentum of the stars in the system. 
Let us now derive expressions for the average and the excess angular 
momentum carried away by dissipating stars. 

Consider a small volume of a stationary system. Let / be its distance 
from the rotation axis of the system, AV the angular momentum, 4, the linear 
velocity, n the number of stars in the volume. If £is the residual velocity 
of the star, and 6= arccos tis the angle between the residual velocity and 
the centroid velocity 6,, the total velocity is given by 


w? = $3 +E? + 20,EC. (188) 
By averaging Eq. (188) and writing w and & for the rms total velocity and the 
rms residual velocity, we get 
w= OF +E. (189) 
The critical velocity of a given volume w, is well-defined, This velocity 


clearly is greater in the interior of the system, decreasing toward the 
periphery. Consider the nondimensional quantity 


(190) 


gi 


If the velocity of a star is supercritical, it will escape from the system. 
It therefore follows from Eqs. (188)—(190) that for the stars escaping from 
the system 


Oo + £4 26 6c > a(v2+4 E°). (191) 

We define a new factor 
v= VEe. (192) 
y can be used as a measure of the flattening of stellar systems. Clearly, 


the higher the ratio %, the flatter is the system. In a nonrotating spherical 


system #= 0, y= 0, whereas in the limit of a perfectly flat system £— = 0, 
y=o. Let further 


eh ee 
y : (193) 


In terms of these new functions, inequality (191) can be written as 


y+ 2yzy>(a—1) y+ 3a. (194) 


Let the residual velocities of stars follow a Maxwellian distribution: 


a 
i(&, 0)dt de = 3V3 & 2 ing ataa. (195) 


591 


Ch. XX. STELLAR DYNAMICS 


This corresponds to the following distribution of z and y: 
2 
f(y. 2) dady = yew dy de, (196) 


If the Maxwellian distribution were completely established, each escaping 
Star would carry away angular momentum of 


mr ($, + Ez). (197) 


However, owing to the great importance of close encounters in the 
establishment of the actual velocity distribution, the velocities change in 
small portions and never greatly exceed the critical velocity. Therefore 
every supercritical velocity of the Maxwellian distribution should be 
replaced by a velocity pointing in the same direction whose magnitude, 
however, is equal to the critical residual velocity. This critical residual 
velocity &, can be found by solving the limiting equality (194) for &: 


3 
&=0(ete-1+8—2). (198) 
Thus, the angular momentum carried away by each escaping body is 
mr (8, + Ekz). (199) 


To determine the fraction of stars dissipating from a given volume during 
the relaxation time, Eq. (196) should be integrated over the region defined 


by inequality (194) and 


—1eze+t, (200) 
This gives 
+i o 
a(y. =| az | yervtdy, (201) 
4 vB) 
where 
Bi)= ff t+a—14 33-2, (202) 


To find the angular momentum dissipated during the relaxation time, we 
multiply (196) by (199) andn and integrate over the region defined by 
inequalities (194) and (200). 

Using (198) and (200), we get 


+t cS 
2 » 
s=nmrt, \ [1+4+2-B (z)] dz ye? dy = 
Va ), ae 


+1 
=nmrt#,a(y, a)-+amrd, Ta \ zB (x) dz \ yte-v? dy, (203) 
¥- B(x) 


It is readily seen that if each dissipating star were to carry away angular 
momentum of mré,, which is equal to the average angular momentum per 
star in the given volume element, the entire dissipated momentum during 
the relaxation time would be equal to the first term in (203). 
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The second term in (203) thus represents the excess angular momentum 
dissipated by escaping stars. The origin of this excess angular momentum 
has been discussed in the preceding. Let p(y,a) denote the ratio of the excess 
momentum dissipated to the average momentum: 


+1 o 
2 a 
(y, )= saa VE \ zB (z) dx { y7e-v" dy, (204) 
—~{ ¥- B(x) 
where 
B(2)=)V 2+a0-1 -pr-2. 
@(y,a) can be called the relative excess dissipated momentum. . 


Integrals (201) and (204) can be evaluated without quadratures: they 
are reduced by simple manipulations to expressions containing the proba- 
bility integrals. 

Table 6 tabulates the function a(y, a), which represents the fraction of stars 
in a given volume escaping from the system during the relaxation time. 


TABLE 6 


1.42-1072 1.07-107! 9.40-10°2 7,56-1073 5.62-10°3 2.03-1072 
2.93-1078 2.45:10°3 4.04.10? 8.71-10°8 3.78-1075 2.12-1074 
738-1079 5.17-1073 2.44-10°3 7.761074 1.72-1074 9.42:407? 
1.82-1073 1.02.41073 3.26-1074 5.79-1075 6.03-1078 2.33- 107° 
4.40-1074 1.94-1074 4.01-10°5 3.79-107¢ 1.74-10°7 3.85-40712 


aa &® wo Wb 


The table shows that the dissipation during the relaxation time is 
greater for smallera values, i.e., for smaller w,(assuming constant w’). 
This is a natural result, which reveals the predominance of the peripheral 
regions in dissipation. It should be remembered, however, that in the 
peripheral regions the relaxation time is greater owing to the small stellar 
density. Moreover, if the density is low, a given fraction a(y, a) corre- 
sponds to a smaller number of stars. We should be careful not to over- 
estimate the importance of the peripheral regions in dissipation processes. 

The table also shows that a(y, u)decreases with increasing y, i.e., it is 
larger in nonrotating spherical systems and smaller in flat rotating sys- 
tems. This seemingly unexpected result is associated with the fact that 
for small — the residual velocity — required for dissipation should exceed 
by a substantial factor the rms value —, and there are obviously very few 
such stars in a Maxwellian distribution. 

It follows from Eq. (100) of §160 that the mean value of afor a stationary 
stellar system (in the regular field) is 4. Therefore, the proportion of 
stars dissipating during the relaxation time from a nonrotating system 
(y= 0) is 0.0074 of the total number of stars. This estimate was first 
derived by Ambartsumyan. The dissipation of rotating systems, as we 
have noted, is slower. 
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Table 7 tabulates the relative excess momentum g(y, «) carried away in 
dissipation. 


TABLE 7 
v 

0 0.8 1.2 1.6 2 3 =) 
@ 
2 1.41 0.955 0.746 0.630 | 0.560 0.481 0.414 
3 2.39 1.49 1.18 1.01 0.920 0.820 0.732 
4 5.38 1.94 1.54 1.34 1.23 1.10 1.000 
3 4.37 2.37 1.87 1.63 1.54 1.33 1.24 
6 5.36 2.74 2.17 1.90 1.75 1.55 1.45 


We see that the relative excess dissipated momentum is by no means 
small. Note that it is larger for spherical, slowly rotating systems than 
for flat fast spinning systems. Itis also relatively large for stars 
dissipating from the interior of the system. 

§167. Evolution of dissipating stellar systems. Proceeding from the 
conservation of the total energy of a dissipating system, Gurevichand Levin 
examined the evolution of nonrotating systems in the course of dissipation. 

The constancy of total energy is written using (92) as 

E=-—- Ta = const. (205) 
Since the shape of a nonrotating system does not change during dissipation, 
B remains constant. Of the various parameters entering Eq. (205), only 
and p are variable in dissipation; therefore to preserve the equality we 
should have 


iS 
2ir, (206) 


where nought subscribes the values of the parameters at some initial time. 
N 


oo” it Should vary as 


Since the stellar density 2 is proportional to 
D_wN 
De = We - (207) 


In dissipation D decreases. Eqs. (206) and (207) show that the radius of the 
system decreases faster than 4, and the stellar density conversely 


increases very rapidly. 
If ais the fraction of stars dissipating during the relaxation time t, the 


change in the total number of stars in the system in time dt is 
dt 
dN= —aN—. (208) 


The relaxation time is given by Eq. (168): 
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and the rms velocity by Eq. (94): 


In a nonrotating stationary system the centroid velocities §, are zero and 
the total velocities of stars are equal to their respective residual velocities 
w=v. We thus have for the relaxation time 


1 Nis 


= CoE GE OMe (209) 
Inserting (209) in (208) and using (206) and (207), we get 
dN = — [a-(2Bg,)' 2K V GmD,N'] N*" de. (210) 


Of the various parameters in brackets in (210), Kis the only variable 
of dissipation. According to §163, however, the variation of XK is not 
particularly pronounced. Wemay therefore ignore this variation, taking 
the entire product in brackets in (210) constant. The equation is readily 
integrated to give 


N'? = Ni" a (2BQ)"*K V Gm D.Nit, (211) 


and the integration constant is determined from the condition NM = A, for 
t= 0. 

If Nis zercu in Eq. (211), the corresponding ¢ gives the total dissipation 
time t, of the system. In the expression for t,, we replace D, by the 
obvious expression 


and finally get 


4n V Nuok 
to SB Kay Dom" are 
where the nought after 2, indicates that the total dissipation time is 
reckoned from the state with a total number of stars N, and a radius p,. 
The dissipation time from any current state is obtained by substituting 
and p for N,and p, in (212). Dividing the resulting equality by (212) and 
using (206), we get 


t Nie 

lay oo 
This equality shows that the dissipation of a nonrotating system is an 
accelerated process. It follows, in particular, that the dissipation of half 
the stellar population of the system takes a factor of (8/2 — 1)longer than 
the total dissipation of the remaining half. 

Taking for an open cluster N= 50, p=2pc, K= 50, m=mgand fora 
globular cluster N= 10°, p= 20pc, K= 130, m=mo, putting 0.0738 for 
the fraction of stars a dissipated during the relaxation time, and 
B= 0.8, we find from (212) that the total dissipation time of an open 
cluster is 3-10° years and for a globular cluster 8- 10" years. An open 
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cluster thus could have completely dissipated during cosmogonically 
acceptable time. 

The evolution of dissipating rotating systems presents a more formidable 
problem. Here the change in the angular momentum during dissipation 
should be taken into consideration. If to simplify the treatment we assume 
that the system on the whole evolves as any of its volume elements with 
average values of the relevant parameters (in particular, e= 4), it can be 
shown that all the rotating stellar systems fall into two evolutionary 


sequences — sphericalanddisk. Systems with flattening hk = 2 (p and p, 


are the semiaxes of the ellipsoid of revolution) less than 0.7 grow pro- 
gressively more spherical during dissipation; their flattening steadily 
diminishes. These systems constitute the spherical evolutionary sequence. 
On the other hand, systems with flattening greater than 0.7 become pro- 
gressively flatter in the course of their evolution, forming the flat (disk- 
type) evolutionary sequence. 

The division into two evolutionary sequences is associated with the fact 
that, as we see from Table 7, the relative excess momentum carried away 
in dissipation is greater for slowly rotating, relatively spherical systems 
than for rapidly spinning ones. This markedly reduces the angular momen- 
tum of nearly spherical systems, improving their sphericity. The dissi- 
pated momentum of the highly flattened systems is relatively small and is 
on the whole insufficient to compensate for the acceleration of the system 
due to compression (see Eq. (206), which is valid fur rotating systems too). 

§168. General features in the evolution of stellar systems. If dissipation 
processes are ignored, the most probable state of a rotating gravitating 
system, according to §163, is rigid-body rotation with a Maxwellian distri- 
bution of residual velocities and constant dispersion at any point. Under the 
action of internal force: the system approaches this state, which is 
stationary in relation to both regular and irregular field. 

Let us consider the approach of a nonstationary system to the stationary 
state in the regular field. On the whole, the regular forces alone cannot 
effect this transformation. Indeed, if an additional free body is placed at 
some distance from a spherical system which is stationary in the regular 
field, it will oscillate indefinitely in the regular field approximation, 
passing back and forth through the spherical system. The system including 
this body will therefore remain nonstationary. If, however, irregular 
forges are taken into consideration, the oscillating body will experience 
repeated close encounters with other stars in the system and in a time 
comparable with the relaxation time it will be absorbed and become an 
ordinary member of the spherical system, an indistinguishable part of the 
established velocity distribytion of the entire system. 

The combined effect of regular and irregular forces thus brings a system, 
originally stationary in the regular field, to a stationary state in the 
irregular field as well. 

In particular cases, however, which are of considerable practical 
importance, the system can be brought to a stationary state in the regular 
field by the actionor regular forces only. These forces produce "mixing" 
of the system, and the time of ''mixing'' is large compared to the mean time 
for a star to cross the system. 
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When "mixing" is terminated, the transition to a stationary state 
in regular and irregular field is effected by the action of irregular forces 
only. 

On the whole, the time for the establishment of the stationary state 
(relaxation time) is different for different parts of the system, so that 
the entire system does not become Stationary at one time. Eventually, 
however, after a period of time greater than the largest of the different 
relaxation times, the system will become stationary. We call this state 
Stationary at any point. In this state the angular rotation velocity of the 
centroid and the dispersion of the residual velocities at various points of 
the system are in general not constant. 

This is not the most probable state. It is stationary in the regular field, 
but only quasistationary in the irregular field. The imperfect stationarity 
in the irregular field is associated with viscosity and "thermal diffusion": 
these factors produced by the irregular forces gradually level off the 
differences in the angular centroid velocities and the dispersion of residual 
velocities throughout the system. This process* is terminated when the 
most probable state is established, or in other words when the system has 
become stationary on the whole. 

The state of the system is essentially influenced by dissipation. The 
steady action of irregular forces will impart supercritical velocities to a, 
certain proportion of objects in the system, which will consequently escape. 
The process of dissipation is continuous, since after the supercritical 
objects have escaped from the system, other objects acquire Supercritical 
velocities and escape from the system, and soon. This process causes 
slow but steady departure from stationarity. On account of dissipation, the 
parameters characterizing the state of the system are clearly different 
from those obtaining without dissipation, In particular, because of dissi- 
pation, the most probable state of the system is not perfectly isothermal 
nor is its rotation a perfect rigid-body rotation. 

Ambartsumyan used the term quasistationary state to describe systems 
which have reached equilibrium but continue changing due to dissipation. 

We will correspondingly use the terms locally quasistationary state and 
global quasistationary state. 

In a global quasistationary state, dissipation is the only factor respon- 
sible for departure from perfect stationarity. Although dissipation produces 
differences in the angular centroid velocities and the dispersion of residual 
velocities, these effects are clearly a result of dissipation. 

In a locally quasistationary state the departure from perfect stationarity 
is due not only to dissipation alone, but also to the independently existing 
differences between angular centroid velocities and dispersions of residual 
velocities at different points. 

A characteristic property of the global quasistationary state is that know- 
ledge of the principal general parameters of the system — mass (equal for 
all the objects), number of objects, energy and angular momentum of the 
system — uniquely determines the state of the system. Ogorodnikov called 
these systems dynamically determinate. Note that only globally quasista- 
tionary systems are dynamically determinate. 

Let us sketcha general outline of the evolution of rotating self-gravitating 
systems. 


* L.E,. Gurevich (1954) interprets this process as transfer of angular momentum from the interior to the 


periphery, 
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The initial state of the system is determined by the conditions of its 
formation. If the initial state was stationary in the regular field and non- 
stationary in the irregular field, each volume element will reach quasi- 
stationary state after the elapsing of its characteristic relaxation time, and 
after a period greater than the largest of the relaxation times the system 
will become quasistationary at every point (locally quasistationary state). 

In stellar systems the relaxation time generally increases with distance 
from the rotation axis; the locally quasistationary state is therefore first 
established in the central region, and then the sphere of local quasista~ 
tionarity gradually expands toward the periphery. If at the time of formation 
the system was nonstationary in the regular field as well, it will first 
rapidly approach its stationary state in the regular field (due to "mixing" 
by regular forces), and then progress to local stationarity by combined 
interactions of regular and irregular forces, 

A locally quasistationary system then evolves to global quasistationary 
state, with conditions close to isothermal and rigid-body rotation. The 
duration of this stage, which in §163 we called the large relaxation time, 
is largely dependent on the spin of the system. The large relaxation time 
increases with increasing population and increasing y— the ratio of the mean 
linear centroid velocity to the mean residual velocity of the objects in the 
system. If the system does not rotate ( y= 0), locally quasistationary state 
and global quasistationary state are attained simultaneously, i.e., the 
large relaxation time is zero. If the system spins fast (y>1), the adjacent 
annular regions are largely autonomous, the levelling out of centroid 
velocities and velocity dispersions is a slow process, and the large relaxa- 
tion time may exceed the relaxation time at a point many orders of 
magnitude. 

Global quasistationary state is also first established at the center and 
then propagates to the periphery. A substantial region at the center may 
reach a global quasistationary state even before the entire system has 
become locally quasistationary. The large relaxation time for this region 
(which is always simply-connected and symmetric relative to the symmetry 
axis and the plane of symmetry of the entire system) depends onthe value of y at 
its boundary. 

Gurevich (1954) has shown that the globally quasistationary region 
forming at the center of the system produces a definite central bulging. 

Let us establish the characteristic properties of the residual velocity 
distribution function at various stages of system evolution. 

In nonstationary systems, no restrictions are imposed on the residual 
velocity distribution function. 

If we consider those parts which are stationary in the regular field, the 
distribution of the small residual velocities is such (see §159) that the 
projections of the velocities on the plane of symmetry of the system follow 
an elliptic distribution. 

If the region being considered is at the same time nonstationary in the 
irregular field, the total velocity (including the component along the sym- 
metry axis of the system) does not show an ellipsoidal distribution and the 
dispersion of the residual velocities in this third direction is in general 
arbitrary (though, of course, bounded). The ratio of the residual velocity 
dispersions in the direction to the center of the system, along the centroid 
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velocity vector, and along the symmetry axis is therefore 


$,0_4._—B . 93 

: Pap= Uiacaiae: (214) 
If the region being considered is stationary (quasistationary) in both 

regular and irregular fields, the distribution is determined by the larger 

of the two quantities — the relaxation times 1 at the points of the given 

region or the period 


nm 
*< VEGA 


for the tip of the projection of the residual velocity vector to describe an 
ellipse in the regular field (see §159). 

If tis large compared to 7, the residual velocities follow an ellipsoidal 
distribution and according to §158 the ratio of the dispersions of velocities 
in the three directions (in the present case, the ratio of the ellipsoid semi- 
axes squared) is equal to 


ryt. (215) 


If now t is small compared to 7, i.e., the effect of the irregular forces 
becomes noticeable sooner than the effect of the regular faces (an uncommon 
case in Stellar systems), the velocity distribution is Maxwellian spherical, 
i.e., the ellipsoid axis ratio is 


1:41:14. (216) 


If the region is quasistationary on the whole, we have A= 0 and the 
ellipsoid axis ratio is equal to (216) irrespective of which of thetwo times — 
tor 7 — is larger. 

Observations show that the dispersion ratio of the residual velocities in 
the three directions for the nearby stars satisfies condition (214). The 
—B 
A-B 


and oe 0,43. Also = 0.25. It therefore seems that the galactic region 
) 


around the Sun is stationary in the regular field and nonstationary in the 
irregular field. 

Another observational fact which is indicatory of the evolutionary stage 
of stellar systems is the presence of bulging nuclei in spiral galaxies 
similar to our Galaxy; these nuclei invariably rotate as a rigid body. The 
spectral lines from the central regions of galaxies are inclined but 
straight, whichis a definite proof of rigid-body rotation. The convexity 
of the nuclei shows that they evolve as systems of the spherical evolutionary 
sequence and have by now covered a substantial part of their evolutionary 
path. 

We thus conclude that our Galaxy at present has evolved to a stage when 
it is stationary in the regular field, locally quasistationary state has been 
established throughout a considerable part of the system but has not 
reached the periphery (nor the neighborhood of the Sun), and the central 
part is quasistationary as a whole. 


ratio derived from galactic rotation data (see §150) is found to be 0.44, 
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STAR CLUSTERS 


§ 169. Introduction. A considerable proportion of stars in the Galaxy are 
grouped into discrete formations of various sizes. This feature of our 
stellar system is also characteristic of other spiral andirregular galaxies and 
it is probably observed in elliptic galaxies as well. 

In Chapters III through V we described double and multiple stars, which 
are in fact physical systems comprising two or several stars. Another 
type of star combinations are the star clusters—systemscontaining more 
numerous stars and characterized by a more complex structure, Star 
clusters may include double and multiple stars as constituent elements. 

We distinguish between two main types of stars clusters: open and 
globular. These two types greatly differ in their physical properties. 

The clusters are generally designated according to the New General 
Catalogue of Nebulae and Clusters, compiled by Dreyer in 1888. For 
example, an object listed under No. 6649 in Dreyer's catalogue (a cluster 
in this case) is designated NGC 6649. In 1895 and 1908 Dreyer published 
supplements to his main catalogue, the so-called Index Catalogues; the 
corresponding objects are designated IC. Messier's catalogue published 
in 1784 is also used (the corresponding symbol being M), but this catalogue 
is being gradually abandoned. Melotte's catalogue (Me)published in 1915 
is used even more seldom. 

The most famous clusters have special proper names, such as Pleiades, 
Hyades, hand + Persei. 

§170. Open star clusters. Open star clusters are sometimes called 
galactic clusters. The latter term emphasizing the pronounced galactic 
concentration of the open clusters is most unfortunate, since globular 
clusters arealso galacticobjects. The term "open cluster" was introduced 
in the 1780's by W. Herschel, who first studied these objects. Figure 182 
is a photograph of the open cluster NGC 2362, taken through the 100- in. 
telescope. 

The number of observed stars in open clusters ranges from a few tens 
to a few hundreds. NGC 2099 contains about 1000 stars. The number of 
stars actually contained in a cluster is substantially greater than the 
number of observed stars, especially in distant clusters, since only stars 
of relatively high luminosity are visible. 

Open clusters are observed as patches of increased surface density in 
the apparent distribution of stars. The boundaries of these patches are 
highly uncertain. Naked-eye estimates of the apparent size of open clusters 
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invariably give too low results. The method of star counts is more 


m 


reliable. Applied to stars up to 9".0in the Pleiades, it gives the results 
listed in Table 1. 


FIGURE 182 


The second column in Table 1 gives the count of stars in annular zones 
centered at the point of maximum condensation of the surface star density; 
the radii of the successive rings are given in the first column. The third 
column shows that the surface star density at first decreases rapidly with 
distance from the center, but then it levels off. The mean star density 
for the last two rings is 3.8 stars per sq.deg and is entirely attributable 
to the field stars. We can thus calculate the expected number of field stars 


and cluster stars in each ring. 


TABLE 1 


Number of Probable number 
stars per 


1 sq. deg. 


Distance 
from the 
center 


Number 
of stars 


field stars cluster stars 
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The cluster thus extends approximately over 3° from the center and the 
fifth column shows that the probable number of stars up to 9" in the cluster 
is 90. 

The star counting technique is not concerned with the individual members 
of the cluster. To identify the cluster stars, we primarily require the 
proper motions of the stars. The members of the cluster should have 
similar proper motions. We also study the radial velocities, since they 
should be almost identical for the stars of a cluster. Finally, the color 
index — apparent magnitude diagram is used. This diagram should have 
precisely the same form as the color index — absolute magnitude diagram, 
but it is displaced along the ordinate depending on the actual distance of 
the cluster. It is also slightly shifted along the horizontal axis because of 
selective absorption. The stars of the cluster fall along the main sequence 
in the diagram; if the cluster contains some red giants, the diagram will 
have a giant branch also. Field stars noticeably deviate from these two 
branches. 

A combination of the three selection techniques enables us to identify 
with fair certainty the individual members of the cluster: the appli- 
cation of the color index — apparent magnitude diagram selects those stars 
which lie inside the cluster and consideration of proper motions and radial 
velocities guarantees common Spatial velocity of the stars and the cluster. 

The assumption that all the stars of a given cluster have equal spatial 
velocities is naturally not exact. The stars in the cluster also have 
internal motions. However, studies of open clusters have shown that the 
velocities of these internal motions are small compared to the spatial 
velocity of the center of inertial of the cluster relative to the Sun. 

The composition of the open clusters is represented by Population I 
stars (Baade). The main sequence is always clearly delineated in the color 
index — apparent magnitude diagram. The giant branch is generally absent. 
When it is observed, it contains only few representatives. 

Open clusters often contain stars with metallic lines. There are 
numerous Be stars with emission lines. Some indications of white dwarfs 
are available. Double stars are present. As regards variable stars, 
until recently it was generally held that open clusters contained no variables. 
Lately, however, some open clusters were found to contain about a dozen 
cepheids. T Tauri variables, stars with variable spectra, and eclipsing 
variables are also observed. RR Lyrae stars are conspicuous in their 
total absence. Note that variables in general constitute a minute fraction 
of all the stars. Since open clusters are relatively low-population objects, 
they cannot be expected to contain variable stars in great numbers. 

The color index — apparent magnitude diagram for star clusters is 
much more certain than the color index — absolute magnitude diagram for 
galactic field stars. This is so because distance errors for the galactic 
field stars lead to an artificial increase in the dispersion of the absolute 
magnitudes of stars of a given color index. For clusters this source of 
dispersion vanishes, since all the stars are virtually at the same distance 
from the observer. The significance of the color index — apparent magni- 
tude diagrams of star clusters therefore extends far beyond the limits of 
the particular problem of star clusters. They can be applied to study in 
greater detail the properties of the color index — absolute magnitude 
diagram and are thus of cosmogonic importance. 
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FIGURE 183 


Figure 183 is the color index — apparent magnitude diagram of the 
Pleiades in the Johnson-Morgan system, constructed by Mitchell and 
Johnson in 1957. Note that the diagram does not show a single red giant. 
The main sequence stars dominate, and they are spread fairly uniformly over 
the entire observed section. No red dwarfs are observed, apparently 
because of their faintness. 

The diagram for NGC 6530 is somewhat different (Walker, 1957; 

Figure 184). Here there is a trace of the red giant branch. At the same 
time, the stars of the earliest type have zero color index, i.e., these are 
AO stars. NGC 6530 thus contains no hot giants. 
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FIGURE 184 
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Figure 185 is the spectrum — absolute magnitude diagram of Pleiades 
constructed by Mendoza (1956). 


B6 7 6 GAOT 235 7FO2 56 8GO2 SSp 
FIGURE 185 


W. Herschel was the first to classify the open cluster. His classification 
was basedon structural features and morphological differences. It covered 
nebulae, as well as open clusters proper. 

A more detailed classification of open clusters was proposed by 
Trumpler. It is based on stellar composition and structure of the open 
clusters. The stellar composition is specified by Arabic numerals and 
lower-case Latin letters. The numeral 1 signifies that the giant branch 
is absent altogether, 2 corresponds to clusters with an inconspicuous giant 
branch, 3 to clusters with a majority of red and yellow stars. The Latin 
letter identifies the spectral type where the main sequence begins. For 
example, the Pleiades are classified as 1b, since they have no red giants 
and the main sequence Starts with spectral type B. 

The distribution of 100 open clusters in Trumpler's classification is 
given in Table 2. 


TABLE 2 
| t) | b >| it i—f f | Toral 
I | 
| 
l 7 24 i 4 0 a | ay 
1—2 \ i) 40 4 0 i) al 
2 iD { 18 1 { 2A 
2-3 Qa a a 3 a 0 3 
3 0 0 0 | | 0 | a 1 
eee ; Stes ae pally. 22 
Total {a 40 20 28 l | 1 100 
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The concentration of large numbers along the diagonal of this table 
shows that clusters with O—B stars contain virtually no red giants. These 
clusters are the most numerous. If the main sequence starts with spectral 
type A, the cluster contains some red giants. 

In open clusters, hot giants and cold giants as if avoid one another. This 
conclusion is of great cosmogonic significance. It implies that either the 
conditions prevailing in each cluster are conducive to the formation of one 
type of giants only or clusters form originally with giant population of one 
certain type, which eventually evolvesinto giants of the other type. The 
latter point of view is currently favored by numerous Americanastronomers, 
who maintain that the evolution of hot giants into red giants can be traced 
from detailed observations of the open clusters. 

The hot giants in open clusters are of higher luminosity than the red 
giants. There are no red supergiants in open clusters, whereas white and 
blue supergiants are fairly frequent. Note, however, that the great number 
of o and b clusters is partly attributed to observational selection. Clusters 
of this type are the easiest to detect. 

The structure characteristics of open clusters in Trumpler's classifi- 
cation are designated by Roman and Arabic numerals and Latin letters: 

I— a cluster with pronounced central concentration; 

II — a cluster with moderate central concentration; 

IlI — a cluster without central concentration; 

IV — a cluster almost merging into the background; 

1 — all visible stars have equal brightness; 

2 — a gradual transition from bright to weak stars is observed; 

3 — the cluster comprises a group of bright stars and a group of weak 
stars; 

p — a poor cluster (less than 50 stars); 

m — a moderate cluster (from 50 to 100 stars); 

r—arich cluster (over 100 stars). 

The Pleiades, in Trumpler's classification, are designated blir. 
Trumpler's classification of open clusters has one fundamental short- 
coming: the apparent structure characteristics are more likely to combine 
into one group clusters occurring at equal distance from the observer and 
having similar visibility conditions, rather than physically similar clusters. 

Thus, distant clusters show a more pronounced apparent concentration of 
stars toward the center than the nearby clusters do. In distant clusters 
only the brightest stars are observed, and the cluster will therefore appear 
as poor with visible stars of approximately uniform brightness. 

A new classification of open clusters was developed by Markaryan. 
Retaining the basic idea of classification according to stellar composition, 
he considered three types of clusters, O,B, and A. Oclusters are those 
with the brightest stars of spectral types O and BO; B clusters are those 
with the brightest stars of types B1—B5; A clusters are those with the 
brightest stars of types B6—A3. 

Rejecting the visible structure features which may be the accidental result 
of distance and visibility condtions, Markaryan used in the classification of 
O clusters the fine structure features studied at the Byurakan Observatory. 
According to his system, Os clusters are those which contain as a nucleus 
one or several multiple stars of the Trapezium in Orion type; O, include 
clusters where straight or arched chains of stars are observed; Op are 
clusters divided into two parts by a star-free corridor; clusters associated 
with luminous gaseous nebulae are designated as Oy, 
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If a cluster combines several of the above features, the symbol O is 
followed by a string of the corresponding subscripts. 

Four methods are available for the determination of distances of open 
clusters: the method of stellar luminosities, the method of diameters, the 
method of radial velocities, and the method of spectroscopic parallaxes. 
The first two methods are the most commonly used. 

To apply the luminosity method, we have to determine the spectral type 
and the apparent magnitude of as many stars in the cluster as possible. 
Having separated between the dwarfs and the giants and eliminated the star 
fields to the best of our ability, we proceed to calculate the mean apparent 
magnitude m,of stars of each spectral type. This magnitude is compared 
with the average absolute magnitude M,of stars of the corresponding 
spectral type. The distance is calculated from the relation 


lgr=t[m,—M.— A+. (1) 


The absorption -i(7) is best determined from the color excesses of the same 
stars. Parenago's formula can also be used: 


_rsink 


The method of diameters is applied to distant open clusters, itis based 
on the assumption that clusters of the same type have the same linear 
dimensions. The application of this method naturally requires knowledge of 
the average diameter PD, of clusters of a given type. D, can be determined 
for the near clusters, where the stellar spectra are determined with higher 
reliability and where the absorption error is not very significant. If D,is 
known, the distance to a cluster of the same type can be calculated from 
the relation 


r= 343822 | (2) 


where D, is in parsecs and the angular diameter « is in minutes of arc. 

The method of diameters was widely used by Trumpler in whose opinion 
the main advantage of the method was that, once D, has been found, the 
distance to the clusters is no longer distorted by interstellar absorption. 
Barkhatova has shown, however, that this assumption is not entirely 
correct. Because of the patchy absorption of light, individual parts of 
clusters may suffer greater attenuation, and the angular size of the 
cluster will come out too low. This effect is clearly more pronounced at 
greater distances. 

The distances of open clusters can be determined by a combination 
method. For each cluster we have 


Slgr,+ar,=m,—M,+5, 
lg Dp —Igr,=lg d — 3.536. 


Examining 7 clusters, we obtain 2n equations. The right-hand sides are 
obtained from observations. The left-hand sides contain n unknowns +; and 
k unknowns D, (according to the number of clusters) and an unknown 
absorption coefficient 1. Since 2n >n+k+1, wehavearedundant system 
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which can be solved by the least squares method. Applying this method, 
Trumpler first determined the mean absorption coefficient in directions 
close to the galactic plane. 

The determination of the distances of open clusters from radial velocities 
uses galactic rotation data. As a first stage, the equation 


v, =k, + ky cos? b+ Arcos? b sin 2 (1 — fy) (3) 


(see § 149) is applied to clusters (more than four ) whose radial velocities 
are known and whose distances have been determined by some alternative 
method. Then the least squares method is applied to determine the 
rotation parameters k,, 4,, A, and |, of the system of open clusters. Once 
the parameters have been determined, Eq. (3) isused again to determine 
the distance of any open cluster with known radial velocity. 

Since the coefficient k, (the k effect) is small compared to Oort's 
constant A, the distances determined using Eq. (3) for clusters at galactic 
longitudes close to 0, 90, 180, and 270° (reckoned from the direction to 
the center of the Galaxy) are unreliable. 

The diameters of open clusters range between 1.5 and 15pc. Trumpler 
derived the frequency of diameters for 100 clusters, which is listed in 
Table 3. 

The table shows that the great majority of open clusters have diameters 
between 2 and 7pc. The modal diameter is =4pc, the mean diameter ~5 pc. 

Clusters with high concentration 
are on the average smaller. The 
TABLES average diameters of types I, II, III, 
and IV according to Trumpler are 
4.0, 4.4, 5.9, and 10.3pc, respec- 
tively. , 

The average spatial star density 
in open clusters is from 1 to 5 stars 
per lpe*, i.e., 1—1.5 orders of 
magnitude greater than the galactic 
field density near the Sun. The 
density in the central parts of open 
clusters is even higher, reaching for 
NGC 6705, say, up to 80 stars per 
1 pe’. It should be further remem- 
bered that not all the stars actually 
contained in the cluster are visible, so that the true star density is higher 
than the observed density. Since open clusters are made up of stars of 
comparatively high luminosities, the mean mass of stars in these clusters 
is approximately equal to the Sun's mass (around the Sun, the mean stellar 
mass is approximately 0.42 of the solar mass). The mean density of matter 
in open clusters is therefore 1—5 solar masses per 1 pe’. 

The number of known open clusters is currently over 500. They form 
a distinct disk subsystem. The degree of galactic concentration in the open 
clusters can be characterized by their distribution according to galactic 
latitude, based on Hogg's data (1959, see Table 4). 

The prevalence of open clusters with negative galactic latitudes is 
apparently associated with the fact that the Sun lies above the plane of the 
Galaxy. 


Number 
of 
clusters 


Number 
of 
clusters 


Diameters Diameters 


KF OF We Phe 
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TABLE 4 


Num ber Number Number 
Galactic Galactic Galactic 
of ? of : of 
latitude latitude ; latitude 
clusters clusters clusters 


— 90° —-— we 0? — 40? <0.5 46 
— 30° — 15° 40° — ga° u.b—1.0 134 
—15° —— 6° 80° — 120° 1.0 — 1:5 M5 
— 6— oF 120° — J60? 1.5 —2.0 74 
eo 4- 6° 460° — 200° 2.0—2.5 33 
—+15>| 200° — 240° 2°5—3.0 MA 
te —+30° 240° — 280° 3.0—4.0 19 
+ 30° — + 90° 280° — 320° > 4.0 33 
320° — 360° 
__ __l ——— co en 
Total tot | 316 | Total | 546 Total 439 
| 


Despite the asymmetric position of the Sun in the Galaxy, the open 
clusters show a fairly uniform distribution in longitude. This shows that 
the open clusters have a negligible concentration toward the galactic center 
(as is proper for objects of disk subsystems) and that they are fairly 
numerous toward to periphery of the Galaxy. 

Let us consider the distribution of open clusters over distances. Since 
the disk subsystem is extremely flattened, the volumes corresponding to 
the distance intervals selected in the table may be treated as annuli ina 
ratio of 1:3:5:7:9:11:28:0. We see that the number of clusters in the first 
two annuli is almost proportional to the corresponding volumes, whereas 
in the next intervals the number of clusters shows an even increasing 
deficiency. This effect can be explained by the fairly uniform distribution 
of clusters near the plane of the Galaxy, assuming that all the clusters 
up to distances of 1 kpc have already been discovered. Among the more 
distant clusters, the proportion of undiscovered objects increases with 
increasing distance. Since within a radius of 1 kpc there are 187 clusters 
and the radius of the Galaxy is approximately 12 kpc, the total number of open 
clusters can be estimated as 187 x 127 ~ 27,000. 


TABLE 5 

NGG | t | v R’ "pe m | m* | N 
457 94.4 —3.9 10 1400 8.0 8.6 100 
1039 411.7 — 14.8 {8 400 5.8 8.6 80 

Praesepe 114.8 — 6.2 240 150 2.3 5.0 40 

Pleiades 134.7 — 22.2 100 120 1.6 4.2 130 
099 145.3 + 4.5 20 800 6.2 9.7 150 
2168 154.3 +3.6 40 700 5.6 9.0 120 
2632 173.3 + 34.0 95 200 3.9 7.5 75 
3228 248.6 +4.8 20 500 6.4 10.4 ? 
3114 250.9 —3.6 30 500 4.5 7.0 100 
3532 257.4 $1.5 60 400 3.4 8.1 13(1 
6405 324.3 —2.0 25 400 4.6 8.3 5) 
6705 355.0 -—4.3 10 1700 6.8 12.0 200 
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The integrated absolute magnitude of the open clusters is hardly dependent 
on the total number of stars. It is actually determined by the luminosity of 
the brightest stars in each cluster. The frequency curve of absolute 
magnitudes of open clusters is peaked near —3".5; the curve deviates from 
the normal distribution toward an excess of high-luminosity clusters. 

Table 5 lists the basic data for 12 open clusters. 

In Table 5 FR’ is the radius of the cluster in minutes of arc, 7,, is the 
distance in parsecs, misthe integrated stellar magnitude of the cluster, m* 
is the apparent stellar magnitude of the brightest star, N estimated number 
of the visible stars in the cluster. 

§ 171. Moving clusters. Let the spatial velocity vector of the center of 
inertia of an open cluster relative to the Sun be V. The point of the sky to 
which the vector V points is called the radiant of the cluster. The proper 
motions of all the stars inthecluster should be directed to the radiant if the 
cluster moves away from the Sun. If the cluster approaches the Sun, the 
proper motion vectors diverge from the antiradiant. Let A and D be the 
equatorial coordinates of the radiant. The componets of V in rectangular 
coordinates in the equatiorial system are then given by 


X=VcosAcosD, Y=VsinAcosD, Z=VsinD. (4) 


To determine the coordinates of the radiant, we write out Airy's equations 
(see Eqs. (6) and (21), Chapter XIX) 


—Xsina+Y cosa = Arpgcos6, (5) 
— Xcosasiné—F¥ sinasind+ Zcos$ = krps, (6) 


where the sign on the left has been changed, since we are concerned with 
the velocity of the cluster relative to the Sun, and not the velocity of the Sun 
relative tothecluster. This equation can be written separately for each 
star in the cluster, and the internal motion of stars in the cluster will be 
treated as random errors in u,andus. The redundant equations (5)and (6) can 
be reduced by the least squares method to yield X, Y, and Z, which define 
the radiant of the cluster. 

In practice, however, this method is inapplicable to most clusters. 
Open clusters generally occupy a small portion of the sky and the coeffi- 
cients before the unknowns in Eqs. (5) and (6) therefore hardly change from 
one star to another. The determinant of the normal system will thus be 
close to zero, and the errors in the unknowns will be excessively large, so 
that X, Y, and Z will be physically meaningless. Since in this case the 
right-hand sides of the equations also differ insignificantly from one 
another, the redundant systems degenerate into two equations, (5) and (6), 
which only show that the radiant lies on the great circle defined by the 
direction of the average proper motion of the stars in the cluster. 

Some open clusters, however, are large enough for the coefficients 
before the unknowns in Eqs. (5) and (6) to be substantially different, so that 
X, Y, and Z are determined with fair certainty. 

In practice, since ris unknown, it is eliminated between (5) and (6) and 
following Charlier, we consider the redundant system 


X (ve sin a — pe cos 8 cos asin 6) — Y (ug cosa + pig cos Ssinasind)+ Zyacos?6=0, (7) 
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which gives the ratio X:Y:Z. This is sufficient for determining the coor- 
dinates of the radiant from the relations 


4 


Star clusters whose radiants can be determined are generally called 
moving clusters. Historically this term was adopted since some moving 
clusters were actually discovered in the result of a comparison of the 
proper motions of the constituent stars. Thus, the moving cluster containing 
the 13 stars of Ursa Major was discovered because five out of the seven 
brightest stars of this constellation have almost identical proper motions. 

In fact moving clusters are open clusters which have large angular 
dimensions because of their proximity to the Sun. The large size is further 
accentuated by the low star density of some open clusters. 

To improve the radiant coordinates, we should use the differential 
method, which amounts to the following. Let A, and 0, be the approximate 
coordinates of the radiant , 0 the position angle of the star's proper motion, 
Aé the angle between the direction of the star's proper motion and the 
direction from the star to the radiant. Dividing (6) by (5), we get 


tgA= >; tgD= 


X cosasind—Y sinasind+Zcosd Hg cos 6 
a —X sina--Y cosa = = te. (8) 
Differentiating and seeing that X, Y, and Z are expressed in terms of A, and 
D, by (4), we get 


ghA+hAD= —cosec? 6 AO. (9) 


Here g and k are known functions ofa, 6, A,, and D,, which can be easily 
computed. In Eq. (9) the differentials have been replaced with error symbols, 
which is permissible if the errors are small. 

Eq. (9) is written for each star. Since A@ canbe calculated, the redundant 
system (8) gives the corrections AA and A/) to the radiant coordinates. 

The radiant of a moving cluster can be similarly found from the radial 
velocities. To this end we use the equation 


X cosacosé6+¥sinacos6+-Zsind=v,, (10) 


which is generally applied to determine the apex of the Sun (see Eq. (24), 
Ch. XIX). The method gives the coordinates X, Y, and Z, and not the ratic 
X:Y:Z, so that we can further calculate the spatial velocity of the cluster. 

ff the X,Y, and Z obtained from the proper motions or the radial 
velocities are corrected for the spatial motion of the Sun, the resulting 
X', Y’, and Z’ give the radiant coordinates corrected for the motion of the 
Sun. This radiant is a point lying in the direction parallel to the residual 
spatial velocity of the center of inertia of the moving cluster. 

Knowledge of the radiant (without correction for the Sun's motion) gives 
reliable parallaxes of individual stars in the moving cluster. 

Indeed, Eq. (10) can be written in the form 


V cosg=v,, 


where V is the spatial velocity of the star in the moving cluster relative to 
the Sun, and @ is the angle between the direction to the radiant and the 
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direction to the star. We need only the radial velocity of one star in the 
cluster in order to find the common V of the cluster. Then from the 


equality 
Vsing=0,=4.74 ur 


we can calculate the distance of the star 


V si 
aa VTi (11) 


if its proper motion is known. The so-called group parallaxes 
determined in this way are highly reliable. Their accuracy improves for 
near stars and for clusters which move with high velocities relative to the 
Sun. 

Seven moving clusters are known at present. Three of these, Hyades, 
Pleiades, and Praesepe, are observed as visible open clusters: their 
actual position is marked by a substantial enhancement of surface star 
density. The other four moving clusters comprising stars from the 
constellations of Ursa Major, Perseus, Scorpius—Centaurus, and Coma 
Berenices, were discovered only because of pronounced likeness in proper 
motions ofthe stars. The star density in these clusters is exceedingly low. 
If we consider only stars which actually belong to the moving cluster, the 
density is seen to be less than the galactic field density. For example, the 
Ursa Major cluster contains only 13 stars in a volume of some 300 pe’; 
the star density of the stars in this cluster is thus 1/3 of the star density 
near the Sun. In the other three moving clusters of this group the star 
density is even lower. 

Thus, if we do not distinguish between moving and open clusters, we 
are led to the conclusion that many of the open clusters have exceedingly 
low star densities and may be detected only if they are near enough to the 
Sun, have large proper motions, and therefore give themselves away as moving 
clusters. 

Sometimes similarity of proper motions of stars lying in widely different 
parts of the sky at greatly differing distances from the Sun is used as a 
justification for inciuding these stars ina single moving cluster. Thus 
Roman (1 949) and Ballario (1949) respectively assigned 135 and 290 stars to 
the moving cluster in UMa. The 135 on the former list, however, occupy 
an enormous volume no less than 500pc in diameter, which covers the 
region occupied by the Sun, Pleiades, and Hyades. An elementary calcula- 
tion shows that this volume should contain even more than 135 stars whose 
spatial velocities will show accidental likeness to the spatial velocities of 
the stars in UMa cluster. 

§ 172. Stellar associations. While analyzing the distribution of O and 
early B stars over the sky, Ambartsumyan established that these stars 
form condensations in certain parts of the sky, which cannot be explained 
by random fluctuations of the apparent distribution. These condensations 
cannot be attributed to the distribution of dark matter in the Galaxy either. 
The hot O— B2 giants thus occur in separate groups, which Ambartsumyan 
called O associations. 

The O associations were extensively studied at the Byurakan Observatory. 
The list published in 1952 by Markaryan contains 19 O associations and six 
probable O associations. 


612 


§ 172. STELLAR ASSOCIATIONS 


The sizes of these associations are between 40 and 200pc. The number 
of O—B2 stars in these associations is between 10 and 100. The distance 
of the farthest known association is estimated at 2750pc. They all, except 

. the association in Orion, lie inthe galactic plane. This is quite natural 
since the hot giants have a highly pronounced galactic concentration. The 
Orion association occupies the region of the sky between galactic latitudes 
-10° and -25°. 

O associations are apparently also observed in other spiral galaxies. 
The condensations visible in the spiral arms of the other galaxies are in 
fact groups of white-blue giants and supergiants. 

Studies of the structure of O associations have shown that they generally 
contain open star clusters, which can be treated as the nucleus of the 
association. These clusters are made up of O—B2 stars, which often form 
an unstable configuration — star chains and Trapezium-type multiple stars, 
i.e., multiple systems which, according to Ambartsumyan's definition, 
contain at least three stars at comparable distances from one another. 
Numerous O associations are connected with gaseous nebulae. The volume 
occupied by O associations shows an increased proportion of B3—B9 stars 
as well. We do not know at this stage whether stars of later types also 
occur in increased density in associations. 

The composition of the Oassociations is characterized by the color —appa- 
rent magnitude diagram (figure 186) and the spectrum — absolute magnitude 
diagram (Figure 187) constructed by Blaauw and Hiltner (1959) for the 
Cepheus III association. 
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FIGURE 187 


The density of matter in O associations seems to be lower than the 
density required for a stable formation. Hence follows the conclusion that 
O associations are inherently unstable. This conclusion is important 
because it shows that O associations must be young formations. 
Ambartsumyan advanced further arguments demonstrating that the O 
associations and the constituent stars are all relatively young objects: 

1) O associations contain Wolf— Rayet stars, whose mass is expended at an 
extremely high rate and which therefore never reach old age; 2) normal 
O—B2 stars cannot maintain their usual rate of mass and energy consump- 
tion for a long time either; 3) O associations contain unstable multiple stars 
and star chains, again objects which cannot reach old age. 

For an O association to be internally stable, i.e., to have negative 
energy, the velocities of the constituent stars relative to the center of 
inertia should be exceedingly small, of the order of 100m/sec. This 
condition follows from the low density of matter in the O associations, 
which leads to a low critical velocity. Yet the dispersions of radial 
velocities and proper motions of the constituent stars in associations are 
quite considerable. Moreover, according to Blaauw, the proper motions 
of stars in the association Perseus II point to systematic radial expansion 
with a velocity of some 10km/sec. A similar effect was observed by 
Markaryan for Cepheus II. Although the radial expansion of associations has 
not been established conclusively, since some observers failed to detect it 
(Woolley, Eggen, Lebedinskii), the overall instability of these formations 
leaves no doubt. 

All these results led Ambartsumyan to the conclusion that O associations 
are the site of star formation, and the processes of star formation in O 
associations continue to this day. 
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The tendency to occur in physical groups is also observedfor T Tau 
stars — irregular variables. These stars are late-type dwarfs or subgiants, 
with characteristic emission lines in their spectra. The groups of T Tau 
stars were named T associations by Ambartsumyan. They generally contain 
from 10 to lessthan a hundred T Tau stars. An exception to this rule is 
the T association in Orion, which contains 220 objects of this category. On 
the average T associations extend over several tens of parsecs. They often 
occur near dust nebulae. T associations show a pronounced galactic 
concentration, although it is not as marked as the concentration of O 
associations. 

In 1950 Kholopov published a list of 21 T associations. The revised list 
published in 1959 contains 29 T associations and 12 possibles. 

Since T associations consist of moderate luminosity stars, the known T 
associations are observed at distances not exceed 500pc. It therefore 
follows that the actual number of T associations is much greater than the 
number of O associations. 

The density of matter in T associations is low, and it therefore seems 
that these are young and unstable formations. The presence of emission 
lines in the spectra of T Tau stars is another argument in favor of the young 
age of these stars. Ambartsumyan is of the opinion that T associations, 
like O associations, are the site of star formation processes in the Galaxy. 

§ 173. Globular clusters. Globular clusters are incomparably richer in 
stars than open clusters and they are characterized by regular spherical shape. 
The stellar population of globular clusters reaches tens of thousands, 
hundreds of thousands, and even millions of stars. Some clusters are not 
perfectly spherical, showing a certain ellipticity. The globular clusters 
are not sharply outlined. As in the case of open clusters, their boundary 
is best determined by star counts. Figure 188 is a photograph ofa 
classical globular cluster M13 in Hercules. 

Table 6 lists star counts to a given magnitude v in the globular cluster 
M92 made by Taylor (1954) on photographs taken with the 20-in. and the 
100-in. telescope. The first column indicates the limits of the annular 
zones (in seconds of arc) in which the counts were made. 


TABLE 6 


es 


13.98114.00 pane {5.81 |16.39 beat | 17.5u 19.25 
on — 217.8] 5 | 16 | 18 | 4t | — | 
A.8— 45.3 | 4 6] 17} % | —, —] — | = = — 
49.3— G64 | 4 8 | 14 | 29 | st | 89 | 144 | — — - 
G6.4— 68.7 | 1 4 6 | 15 | 24 | 58 | 92 | 131 — — 
88.7-111.4 | 2 2] 3] 8 | 19 | 42 | 74 | 106 152 — 
111.4—15.5 | 41 5 | G {| 10 | 15 | 34 | 5! | 86 132 611 
133.3-155.5 | 2 4 7 | 13 | 49 | 33 | 44 | 79 415 526 
455.5-177.7 | 4 i 2 | 8 | 43 | 22 ) 31 | 54 80 418 
177.7—199.9 | 2 3] 5 | 7 | 44 | 14 | 26 | 43 67 333 
199.9-221.8 | 0 o} of} 3 | 6 | 45 | 20 | 29 43 246 
224.B—243.9 | 0 4 1 ce ee an ae ee a 48 200 
243.9-276.7 | 0 { 3] 4 | 42 | 18 | 23 | 39 52 246 
276.7—320.7 | 0 { 2| 4 9 | 17 | 24 | 33 44 215 
320.7—397.2 | 2 3 | 10 | 16 | 21 | 29 | 44 | 55 87 252 
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FIGURE 188 


In the central rings the weak stars are so numerous that despite the high 
resolving power of the large telescopes the photographs show a continuous 
luminous background. Stars up to 15.24 mag. could not be counted in the 
first two central rings, and stars up to 19.25 mag. are not resolved in the 
five inner rings. 

The star counts also include field stars which do not belong to the 
cluster. Their significance is particularly pronounced in the outer regions 
of the cluster, where the cluster star density is relatively low. The 
average number of field stars up to « = 19".8 and v = 18".0 per 1 sq. deg 
of the sky at the galactic latitude corresponding to M92 (approximately 33°) 
is 1.21 and 0.58, respectively. The results of Taylor before and after 
correcting for the field stars in each sq. deg at six different distances fram 
the center of the cluster are listed in Table 7. 

Table 7 shows that for stars up to « = 18”.0 the radius of the cluster is 
approximately 550". For weaker stars with 18".0 <uv< 19".8 the boundary 
of the cluster lies somewhat farther: the average number of these stars 
in 1 sq. deg at a distance of 553".6 from the center (2.32—0.67 = 1.65) is 
still a factor of 2.5 greater than the average number of field stars 
(1.21—0.58 = 0.63) in the same area. 
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TABLE 7 
Average number of stars to given » in 1 sq. deg 

R’ Without correction forfieldstars] | Corrected for field stars 

| usta | vata vaiv.8 | — »=18.0 

128” .6 494.91 34.45 193.70 33.87 
159 .8 13.95 20.74 130.74 20.16 
223 .8 56.92 &.39 54.71 8.04 
319 18 19.59 3.11 19.38 2.53 
448 .0 5.55 1.28 4.34 0.70 
553.6 2.32 0.67 1.11 0.09 


Shapley's classification of globular clusters is based on the degree of 
concentration toward the center. Type I clusters are those with maximum 
central concentration, and type XII includes globular clusters with minimum 
central concentration. The assignment of individual clusters to different 
types is therefore based on subjective estimates, and not star counts. Some 
data indicate that globular clusters with higher concentration are charac- 
terized by larger diameters and greater luminosity. 

The color index — apparent magnitude diagram of globular clusters is 
substantially different from that of the open clusters. It primarily shows a 
well developed branch of red giants and supergiants. At the same time the 
globular clusters contain absolutely no white-blue supergiants; B stars 
are either absent altogether or present in very small numbers. 
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Figure 189 is the color index — apparent magnitude diagram of the 
globular cluster M3 plotted by Johnson and Sandage in 1956 using observations 
with the 200-in. and the 100-in. telescope. The diagram thus includes 
stars up to 21 mag. The main sequence in M3 is thus only partly repre- 
sented, covering the range B—Vs+0™4., White giants of luminosity class 
V are very few, and there are no white 
supergiants. The giant branch including 
exceedingly high luminosity stars is 


7 

a very prominent and rich. The so-called 

-2 globular cluster sequence between the 
giant branch and the visible section of 

0 the main sequence is also densely 

Luminosity populated. Jt creates two characteristic 

#2 class III breaks in the diagram. Finally, there 
is a horizontal sequence of white giants 

#2 which extends through the Hertzsprung— 
Russell gap; this sequence has a break 

+6 for R—V = 0".1—0".3. Note, however, 


-Q8-04 0 +04 oF WZ +417 that the variables of this cluster {over 

f-v 200) are not shown in the diagram, 
whereas 85 variables fall precisely in 
this break. 

The difference between Population I 
stars (globular clusters) and Population I stars (Sun's neighborhood, open 
clusters) clearly emerges from Figure 190, where Sandage superimposed 
the color — luminosity diagrams of the globular cluster M3 and the lumino- 
sity sequences V and III, representative of Population I stars. 

The color index—apparent magnitude diagrams of various globular 
clusters are on thewhole similar, though not identical. For example, the 
horizontal branch in the globular cluster M92 is sparingly populated with 
white giants, and this cluster is much poorer in variables, 

To determine the luminosity function of the stars in M3, Sandage 
carried out counts of 44,500 stars up to m, = 22™.5. The distance modulus 
of the cluster was estimated as 15”.63. The results are presented in 
Table 8. 


FIGURE 190 


TABLE 8 
™My | Mp | N (1) | My | My, N (m) 
14.4 —1.53 169 19.5 +3.87 9812 
15.0 —0.63 369 20.1 +4.47 15 940 
16.1 +0.47 1318 20.7 +5.07 22175 
16.9 +41.27 1949 21.6 +5 .97 34 875 
17.7 +2.07 2648 22.5 +6.87 44540 


These data give the differential luminosity function (4/7) of M3 
(Figure 191). In this diagram, 9(M@)is the number of stars with absolute 
magnitudes between —0".1 and +0™.1. 

A bimodal curve was obtained, with maxima at M= 0 and M=+5"™.5. 
The first of the two maxima is significant according to Sandage; it is 
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attributed to the white stars of the horizontal sequence. The second maxi- 
mum may be due to incompleteness of counts at high magnitudes. The 
luminosity function of M92 has no maximum at Af= 0. This is explained by 
the much smaller population of the horizontal-sequence white stars in M92. 
Note that the luminosity function of stars in the plane of the Galaxy 
(Parenago) is also bimodal, but the maxima are shifted several stellar 
magnitudes in the low luminosity direction compared to the luminosity 
function of M3, 
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In globular clusters the mean luminosity of late-type stars is higher 
than that of the early-type stars; for example, the average apparent 
stellar magnitudes for stars of different spectral types in NGC 6205 
(determined from the color index) are the following: 


B A F G K 
15".20 15™.01 14.85 14".28 12.74 


Even if we correct for the selective absorption of light, which reduces the 
luminosity of early type stars to a greater extent than the luminosity of 
late type stars, the late type stars retain their higher luminosities. 

The spectra could be studied only for fairly few globular clusters. They 
were found to possess a number of peculiar features. Thus, the absorption 
in the CN 44215A line in G5—K2 stars in globular clusters is substantially 
weaker than in normal stars of the same spectral type and luminosity. A 
number of lines in spectra of other types also show increased or reduced 
intensity compared to the spectra of corresponding normal stars. 

The globular clusters are exceedingly rich in variables. Variables of 
the following types were identified: 1) RR Lyrae stars (short-period 
cepheids), 2) W Vir stars, 3) RV Tau stars, 4) irregular and semi-regular 
variables. The RR Lyrae stars are the most frequent. There are 
indications that certain properties of variables in globular clusters differ 
from the corresponding properties of variables of the same type outside the 
clusters. 

Alongside with globular clusters which contain very numerous variables, 
there are globular clusters with a small variable population. These 
clusters generally lie at the two extremes of the concentration scale, i.e., 
types I— and XI—XQ. 
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Globular clusters are spherical system with a high number of 
gravitating bodies. They can be compared to a certain extent to a gas 
sphere without any energy sources (if 
the radiation pressure is ignored). On 
Y the other hand, the density distribution 
in globular clusters can be obtained by 
direct star counts. Globular clusters 
thus can be used for verifying the basic 
postulates of thermodynamics and 
statistical physics. 
An important problem is the derivation 
x of the true star density function of 
clusters from the observed surface 
density function. This problem was first 
formulated and solved by Zeipel in 1909. 
In 1911 Plummer advanced a simpler 
solution, which is described in the 
following. 
Consider a rectangular coordinate 
system with its origin at the center of 
the cluster (Figure 192). The axes OX and OY lie in the plane of the sky, 
which coincides with the plane of the drawing. The axis OZ is directed along 
the line of sight. Let D(r) be the spatial star density at distance r from the 
center of the cluster and F(z)dz the number of visible stars in a strip of 
width dr distant rfrom the axis OY; A is the radius of the cluster. 
Evidently, 


se 
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FIGURE 192 


F (2) dz—dz \'\ D(r)dydz, (12) 


where r*=2?+y?+2?, and the limits of integration are specified by the 
inequality 2?+-y?+2z?< R?. 
Eq. (12) is a two-dimensional integral equation for the unknown function 


D(r). It is readily inverted. 
Changing over to the polar coordinates in the YOZ plane, we write 


-lz 


BP=y742; p=tg a Then 


Qn VR2—x3 VRi—x2 
F(z)={ ( Deryedsdp=2n | Oeyas; 
0 0 0 


since r=2+£?, changing back to the original integration variable we obtain 


R 
F (z) =2n rD(r) dr, 


=z 


The right~hand side of this equation is only a function of the lower limit 
of integration. Differentiating with respect to z, we obtain the sought 
function D(z): 


D(t)= —54 F(a). (13) 
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Eq. (13) solves our problem. The function /(z) is obtained from star counts 
in successive strips; the field stars must be subtracted from these counts. 

In 1959 Oort applied Sandage's star counts to determine the spatial 
density of stars of various luminosities in the globular cluster M3. His 
results are listed in Table 9. 


TABLE 9 
My | | 
< 43.5 43.5—-+44.6 4+4.6—46.3 
Type 

0 248 435 64 

4 178 100 50 

2 69.6 42.5 25.0 

4 12.4 9.0 6.9 

8 1.24 1.417 1.28 

15 0.149 0.182 0.299 
30 0.0125 0.0208 0.0387 
50 0.0018 0.0030 0.0057 
400 0.00013 0.00022 0.00040 


We see that at the center the star density is exceptionally high, 
reaching many hundreds of stars per cubic parsec. Toward the periphery, 
the density falls off rapidly. The density of high-luminosity, i.e., high- 
mass Stars, falls off at a faster rate. 

In 1949 Kholopov considered an analogous problem for ellipsoidal globular 
clusters. 

We cannow compare the function D(r) obtained from star counts with the 
theoretical model of a free gas sphere. Let p be the pressure at some point 
in the gas sphere, D the density, t the temperature, y the ratio of specific 
heats at constant pressure and constant volume. Since the pressure at any 
point is proportional to density and temperature, we have 


p=atD. (14) 
On the other hand, Poisson's adiabatic equation of state is 
p=bD*. (15) 
The variation of pressure with distance is given by the equation 
ene pre (16) 
where m isthe mass insidea sphere of radius r. The change of mass is 
described by the equation 


d. 
=4nrp, (17) 


Eliminating p and_m between Eqs. (15)—(17), we get 


2 (5) + 4ncep =0, 
or, appropriately choosing units of length and density, 
, opt Mi 
a 5 )+rD=0. (18) 


621 


Ch. XXI. STAR CLUSTERS 


This is the so-called Emden equation, which is solved numerically. An 
analytical solution can be found only for y = 2 and y= 1.2. In the former 
case, the sought function has the form 


D(r)=~+sinr, 


which is physically meaningless, since the density cannot assume negative 


values. 
The case y= 1.2, which gives 


D(r)=e (1+ erty, (19) 


is applicable to a gas of composite molecules, which corresponds to 
clusters comprising multiple stars. 

For monoatomic and diatomic gases, we have y = 5/3 and 7/5, 
respectively. 

Eq. (28) characterizes the so-called adiabatic state ofa gas sphere, 
where temperature gradients are not leveled out by convection and other 
heat diffusion processes. In the other extreme case, when heat transfer 
processes virtually equalize the temperature throughout the sphere, ¢ in 
Eq. (14) is constant, and we see that this equation corresponds to Eq. (15) 
with y= 1. 

Comparison of the true density function in globular clusters obtained 
from observations with the theoretical functions calculated from Eq. (18) 
has shown that (19) ensures a good fit only for the peripheral regions of 
some clusters. At the center, the star density increases toward the center 
at a faster rate than that predicted by Eq. (19). This can be interpreted 
as the result of an isothermal star gas. We are thus led to suggest the 
following model of globular clusters: the bulk consists of high-luminosity 
massive stars which should be compared with an isothermal gas sphere; 
this sphere is surrounded by an adiabatic "atmosphere" comprising 
relatively weak stars. However, since the multiplicity of stars and the 
isothermal conditions have similar effects — they both reduce the ratio y — 
we can hardly distinguish between the two contributions. We should 
further remember that the theory and the calculations ignore the differences 
in stellar mass, an effect which is probably of considerable significance. 

The distribution of color indices over the cluster radius reveals 
substantial reddening toward the center, which may be attributed to a high 
central concentration of the massive red supergiants. On the basis of this 
fact, Zeipel proposed a method for the determination of the relative 
masses of stars of various color indices. 

Let the globular cluster be in a state of isothermal equlibrium. Aswe 
have observed in the preceding, star counts are compatible with this 
assumption everywhere, except in the peripheral parts. The Gibbs 
distribution function of elementary particles in the phase space is a function 
of energy of the form 


@D = ae~2hE, (20) 
In expanded form, we may write 


@ (u, v, wr, m)=a(m) e~hmlur+02+w2-2P(r)) (21) 
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where mis the stellar mass, u, v, w are the star velocity components, ris 
the distance from the center of the cluster, kis a constant dependent on 
the total energy (the "gravitational temperature") of the cluster, P(r) is the 
potential energy, a(m)is a constant determined by the total number of stars 
of given mass. 

Integration over all possible values of u, v, and w gives 


O(r, m) =P (m) e2#mPC), (22) 


where 6(m) is a new function independent of r. 
If the mass of a star of a certain type is taken as unity, we have 


@M(r, 1) =B (1) e2hP, (23) 


Dividing (22) through by (23) raised to the power of m and extracting the 
logarithm, we obtain 


In D(r, m) = 10 Faris + mn (7, 1). (24) 

Taking counts of stars of two different types and then using Eq. (13) for 
conversion from apparent densities to spatial densities, we end up with 
known functions Mr, m) and Mr, 1). Inserting the values of these functions 
for various r in Eq. (24), we obtain a redundant system of equations which 
can be solved to give mm. 

The above method was applied by Zeipel, Lindgran, Wallenquist, and 
other authors to various globular clusters. The results on the whole are 
fairly consistent. They show that in globular clusters the masses of red 
giants are approximately a factor of 1.5 greater than the masses of the 
white stars, and the supergiant masses are double the masses of the white 
stars. This result is of considerable interest, since supergiants, being 
extremely rare, donot occur among binaries and their masses have never 
been determined. 

Note, however, thatthe method of mass determination for globular 
clusters is far from being exact, since the conditions are never precisely 
isothermal and fA is not quite constant, as assumed in our calculations. In 
fact k is a function of r. Moreover, the color indices of stars may acquire 
a biased distortion due to various photographic effects. Shapley, for 
instance, is of the opinion that the observed reddening of stars near the 
center is a result of the photographic Eberhardt effect, and not a significant 
structural feature of the cluster. 

Mayall's spectra of 50 globular clusters give the following distribution 
according to spectral types: 


A5—A9S 6 clusters 
FO—F4 7 clusters 
F5—F9 13 clusters 
GO— G5 24 clusters 


The distances of globular clusters are determined by the following 
methods: 

1. The method of cepheids, inits usual form. 

2. The method of bright stars. It utilizes the fact that the 
difference between the apparent magnitudes of cepheids of a given period 
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and the mean apparent magnitude of the brightest stars in the cluster is 
almost constant for clusters containing cepheids. Hence follows the con- 
clusion that the absolute magnitude of the brightest stars in globular clusters 
remains fairly constant in different clusters and can be used as a yardstick. 
According to Shapley, the average absolute magnitude of the 25 bright stars 
which come after the five brightest stars of a cluster (these are excluded, 
to avoid the effect of accidental projection onto the cluster) reveals a very 
slight dependence on the type of cluster. In type I clusters the average 
apparent magnitude of variables is 1".34 greater than the average magnitude 
of the 25 brightest stars, and in type XII clusters the difference is 0".92. 
The method of bright stars is applied to clusters which contain visible 
variables. 

3. The method of diameters isbased on the assumption that the 
linear diameters of globular clusters are virtually constant, or else that 
the diameters of clusters of one type are equal, so that Eq. (2) can be used. 
According to Parenago, Kukarkin, and Florya, the average linear diameter 
of globular clusters whose distances have been determined by the method 
of variables or the method of bright stars is 40pc for type XII clusters, 
gradually increasing with the increase in central concentration and reaching 
98 pc for type I clusters. A positive feature of this method is that it does 
not involve any absorption corrections. 

4. The method of integrated brightness is used assuming 
a small dispersion of the absolute magnitudes of globular clusters. A/, — 
the average absolute magnitude of clusters of a given type — is determined 
using clusters of known distances. The distances of all the other clusters 
are then calculated from the distance modulus m— ™,.. A correction for 
interstellar absorption should be introduced. According to Parenago, 
Kukarkin, and Florya, the average absolute integrated magnitudes of globu- 
lar clusters increase from —8".1 for type I to —5”.4 for type XII. 

There are currently 118 known globular clusters. Some of these, 
although classified as galactic clusters, are very distant and are in fact 
extragalactic objects in their own right. In this category we have the 
globular cluster in Ursa Major, whose distance is estimated at 130kpc 
(Shakhbazyan). Burbidge and Sandage also obtained 130kpc for the distance 
of the globular cluster in Sextans. 

The galactic concentration of globular clusters is much less pronounced 
than that of the open clusters, as is evident from a comparison of the data 
in the first two columns of Table 10 (which gives the frequency of direc- 
tions and distances for globular clusters) and Table 4. The globular clus- 
ters form a halo subsystem. 

Because of the skewed position of the Sun in the Galaxy, almost all the 
globular clusters lie between 240 and 40° longitude, i.e., in the hemisphere 
enclosing the center of the Galaxy. 

Mayall (1 956) and then Baade (1958) and Kinman (1 959) established a 
definite relation between the physical characteristics of globular clusters 
and their spatial distribtuion. Clusters of the earliest integrated spectral 
type (A5—GO) have a low relative content of metals and are situated at 
comparatively large distances from the plane of the Galaxy, forming an 
extended halo with insignificant concentration toward the center of the 
Galaxy. Late-type clusters (G3—G5) with metal-rich stars show a 
relatively pronounced concentration toward the plane of the Galaxy. Clus- 
ters of integrated types G1— G2 occupy an intermediate position on this 


scale. 
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TABLE 10 


Number 
of 
clusters 


Number 
of 
clusters 


Galactic 
latitude 


Galactic 
latitude 


—90°— —30° 41 | o°—40° 15 6 
—30°— —15° 15 40°—80° 2 4—8 48 
—15°— —6° 24 gu°—120° 1 8—12 8 
—6°— —0° 420°—160° 5 42—16 13 
0°— +6? 13 460°—200° 2 46—20 6 
+6°— +15° 18 200°—240° 5 20—24 2 
+15°— +30° 13 940°—2380° 40 24—28 3 
+30°— +-90° 15 280°—320° 22 28—32 2 
320°—3u0° 56 >32 6 

Total 118 | Total | 118 | Total | 64 


Because of the tremendous distances to the globular clusters, their 
proper motions should be exceedingly small. Gamalei used measurements 
made at a large interval of time in order to determine the proper motions 
of seven globular clusters. Three clusters had proper motions of the order 
of 0'.01, and the other four even less. Nevertheless, these minute proper 
motions are indicatory of tangential velocities much greater than 100km/sec. 

The radial velocities of globular clusters can be determined with fair 
reliability, and they have been measured so far for about 70 clusters. If 
the distance of the Sun from the center of the Galaxy and the circular 
velocity of the Sun are known, the eccentricities of the orbits of globular 
clusters in the Galaxy can be statistically estimated from their radial 
velocities. Gerner and then Kinman have shown that the globular clusters 
move in highly elongated orbits. 

Table 11 lists the fundamental data for 12 globular clusters. 


TABLE 11 

Messier or 
nGc | otherde-| ; | p | R r, kpe | ia, xp vy T | me, am 

signation f é 

| 1 
104 47 Tue | 272°) —45°] 25.0 0.8 3.0 Ga 24 Il 13.44 0.35 
4590 G63 268 | 47 2) tlio 7.6 AB | —116 Xx 14 &U 0.42 
Si39 ) wo Gen Pwr py sa big Aw uO rity) VALE 4.3 
5272 3 7 | +77 5 OM 13.8 4 4) — 153 vi 44.23 0,26 
5904 5 322 4060 | 12.7 8.3 3.6 F7 4) Vv 43.97 0.35 
6121 4 319 | 415 | 14.0 2.3 52 F (6b) IN | 14.44 7 1.9 
6254 10 eb | fe &.2 at | 9.4 Go 7) Vil 14.06 0 67 
6206 62 321 + ih A. 6.9 7.0 Fi 9h [IV 19.87 2.4 
G402 14 04 | a1 3.0 72 7.4 GO | —129] Vill 11.44 2.9 
6981 72 3} 54 2Ay 18.2 8.6 G2 | —254 IX | 15.86 | 0.45 
7073 {5 ob --U5 7.4 io.1 5.2 Fo = 107 lV 14.31 0.53 
7099 30 355 | —48 5.7 12.6 64 AT ies v | 14 G3 | 0.34 
| 


In Table 11 7 is Shapley's classification in terms of central concentration, 
m;,is the average apparent magnitude of the 25 brightest stars in each 
cluster, Am is the absorption of light from the cluster in stellar magnitudes. 

§ 174. Stability of star clusters. Star clusters are systems of gravitating 
bodies. The dynamics of star clusters is concerned with gravitational 
forces of four different classes: 1) the regular (general) field of the cluster, 
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2) the regular (general) field of the Galaxy, 3) forces due to random 
encounters between the stars in the cluster, 4) forces due to random 
encounters of the cluster stars with galactic-field stars or other objects. 

The general field of the cluster is in fact the force which consolidates 
the cluster as such. It continuously changes the magnitude and the direction 
of the velocity vector of an individual star relative to the center of inertia 
of the cluster, and the star trajectory therefore remains confined within 
a small volume of space containing the cluster's center of inertia. The 
regular field of the cluster thus operates to retain the individual stars in 
the cluster. 

The regular field of the Galaxy has a two-fold effect. First, the 
resultant force of this field applied to the center of inertia of the star 
cluster determines its orbit in the Galaxy. This motion clearly has only 
an indirect effect on the evolution of the cluster. Second, the regular 
galactic field applied to individual stars is different at different points 
throughout the cluster, and this gives rise to a tidal force which operates 
to tear the cluster apart. The tidal force increases as the cluster becomes 
larger and as the gradient of the galactic field is increased. Tidal forces 
are counteracted by the regular forces of the cluster. They increase with 
increasing mass and density of stars in the cluster. 

The stability of the cluster in relation to the tidal forces produced by 
the galactic regular field was investigated by Bok, Mineur, and 
Chandrasekhar. 

Let the center of inertia of the cluster lie in the plane of the Galaxy at 
a distance AR, from the center. Suppose it moves ina circle with constant 
angular velocity ». Consider a stationary rectangular system of coordinates 
where the axis Z is along the galactic rotation axis, and the axes X and Y 
lie in the plane of the Galaxy. We will also use a moving rectangular sys- 
tem of coordinates with its origin at the center of inertia of the cluster, 
with the axis Z, directed along the axis of galactic rotation and the axis X, 
invariably aimed to the center of the Galaxy. The moving system clearly 
rotates with angular velocity » and the coordinates of points in the two 
systems are related by the equalities 


z=(R,+7,) cos wt — y, sin we, 
y = (Ro + 2,)sin wt + y, cos wt, 
z=Z,, 


(25) 


where the time ¢ is reckoned from the time when the axes X and X, coincided. 
Lagrange's function of a cluster star of mass mis 


L=T—mO—U', (26) 


where m@ is the potential energy of the star in the galactic field; it is 
evaluated remembering that the distance of the star from the galactic 


rotation axis is 
R=V(R, +a, +. (27) 
U’ is the potential energy of the star in the cluster, expressed by 


U'=mG >=, 
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where r,is the distance between the particular star and the i-th star of the 
cluster, 


To find the kinetic energy of a star, 7’, we differentiate (25) with respect 
tot. Then, using the above equalities, we get 


Lagrange's equations of the second kind 


d OL OL 
ae Gag. Bay (= W=Yy I= 2) 


take the form 


oe . ‘ 2 a® 1 au’ 
7 — oy, = oy, + 0" (Rot 2)— BOG 
a6 5 : ° Cla) 1 aU 
¥+ Or, = OO ay = ae ae: (28) 
Zz a2 aio 1 Ou) 
2, m oY 
From Eq. (27) we have 
aD Rota, OO. aD iy, aD, am a (29) 
a, ~=OR oH ' wn =X OR’ “Oy, az ° 


The diameter of a cluster is small compared to R,, and therefore dropping 
terms of second and higher order in z,and y,, we write 
R=Ri+23 


Taylor expansion of Eqs. (29), putting (2), = 0 (the Galaxy is symmetric 


about the principal plane), gives 


995. ( BOY) og (Oe 
ie = (SF 0 V\ aR? Jo’ 


aD rt ay (30) 
dy, 1 OR )o° 

a® _, (#®) 

Bz, 72 ar? Jy?" 


where the subscript indicates that the function should be evaluated at the 
center of inertia of the cluster. 


Inserting (30) in (28) and seeing that w=(F oD | we get 


OR Jo 
* 4 9U’ 
%, — 2oy, + AZ, = — — Oz,’ 
. . 1 au’ 
Yt 2oz, psa ane ge (31) 
1 0au' 
zt +2 =— TF a: 
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where 


(272 _ 1 @y, _ (ao 
1°" \ AR? Rk OR /o' a= (Fer) 9: 


To develop the right-hand sides of (31), we require the density 
distribution in the cluster. For simplicity, we assume that the smoothed- 
out density in the cluster is represented by a homogeneous triaxial 
ellipsoid. The potential energy then takes the form 


, 1 i a 
U' = —— mp, + aGmD (B\2? + Bey? + Bo5%), 


where J is the density of the ellipsoid, the coefficients 6,, B,, fh, are positive, 
depending only on the semiaxis ratio a:b:c,* and B, depends additionally 


on D. 
Equations of motion (31) thus take the form 


Si — 2wy, + (a, +2GDB,) «, =0, ( 
- : 32 
"A + 22, + 1GDB,y, = 0, 


2y + (a,-+ 1GDB,) 2, = 0. 
Since o,> 0 and f,>0, integration of the third equation yields 


2, =c, cos [/'a, + aGDB, (¢—¢,)], 


where c, and ¢ are constants. The coordinate :, of all the stars thus remains 
bounded, and the cluster is therefore stable in the direction ¢,. 
In the first two equations in (32) we 'seek solutions in the form 


ikt. —p pikt (33) 
where c,, ¢, & are constants. Inserting these solutions in the corresponding 
equations, we get 
(a, + nGDB, — kh?) c, — 2wike, = 0, } (34) 
2wike, + (nGDB, — 47) c, = 0. 


The homogeneous system has a nontrivial solution only if its determinant 
vanishes. The resulting biquadratic equation for & is 


kA — [a, + aGD (B, + B,) + 407] k? 4- GDB, (a,-+ nGDB,) =0, 
and for 


a,+ GDB, > 0 (35) 


the two roots 4? are positive and & are therefore all real. in this case, as 
we know, solutions (33) are bounded periodic functions. If now 

a, + GDB, <0, (36) 
solutions (33) contain hyperbolic functions, z, and y, increase indefinitely 
and the cluster becomes unstable. 


* Detailed tables of these functions were published by Mineur (Ann, d‘Astrophys., 2, No. 1:199—213. 1939). 
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Note that 


0 GR By [eter |, oma [eae] on eae 


where A and Bare Oort's coefficients. The stability condition (35) thus 
takes the form 


__ 44 (A—B) 

D> Dt = oe (37) 
and the stability of the cluster at a given point in the Galaxy thus depends 
only on the density and the flattening of the cluster. Taking A= 0.020 
km/sec/pc, B = 0.013km/sec/pc, we get 
_ 0.198 

B 


D* = solar masses/pc’. 


1 


Table 12 lists the values of f, and the critical density D* for ellipsoids 
of revolution flattened in the direction of the z, axis. 


TABLE 12 
= | 0.1 0.2 | 0.3 | 0.4 0.5 | 0.6 | v.68 | t.0 
By 0.278 0.499 0.677 0,824 0,946 }1.048)1.211] 4.333 
D* 0.71 0.40 0.29 0.24 0,21 U.19 |}0.16 | 0.145 


We see that highly flattened ellipsoids are less stable than slightly 
flattened ellipsoids. The critical density in all cases is markedly less than 
the mean density of such open clusters as the Pleiades, Praesepe, h and 
x Persei, where D= 1—2solar masses/pc*. The stability of these clusters 
is particularly high since they are not greatly flattened. 

The effect of forces due to random encounters of stars in the cluster is 
considered in §164. For open clusters this factor is of great importance, 
since the relaxation times are small. The open clusters have passed 
through a substantial portion of their evolutionary path while undergoing 
steady dissipation. For globular clusters the effect of dissipation is not so 
pronounced, although the regular shape of the globular clusters and the 
distribution of stars of various masses in these clusters show that the life- 
time of globular clusters is greater than the relaxation time. 

Letus now consider the effect of forces due to random encounters of 
cluster stars with galactic field stars. The importance of these forces 
was first stressed by Rosseland. 

The galactic field stars exchange kinetic energy with the cluster stars 
they encounter. Since the velocity of the field stars relative to the center 
of inertia of the cluster is greater than the velocity of the cluster stars, 
the latter gain kinetic energy in these encounters and the cluster expands. 
Individual stars may acquire supercritical velocities after a single 
encounter with a foreign star and escape from the cluster. This, however, 
does not lead to a compression of the remaining part of the cluster, as in 
the case of interaction between the stars of the cluster. Conversely, the 
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escape ofa star from the cluster due to interaction with extraneous factors 
reduces the potential energy per star inthe cluster, while the kinetic energy per 
star remains as before. The cluster should therefore expand. 

Interaction of the cluster stars with galactic field stars thus leads to 
expansion of the cluster. We have seen in§164, however, that random 
forces due to encounters between the stars in the cluster lead to gradual 
dissipation and contraction of the remaining part of the cluster. Which of 
the two effects prevails? 

It can be shown that for typical open clusters, such as the Pleidaes, 
where the star density is relatively high, the contraction due to dissipation 
following internal encounters prevails over the expansion due to encounters 
with galactic field stars. In low-density clusters, such as the moving 
cluster in Ursa Major, the second effect predominates. 
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Chapter XXII 
EXTRAGALACTIC ASTRONOMY 


§ 175. Introduction. Many of the nebulae seen in the sky are star systems 
which lie outside our Galaxy. In terms of their composition and size these 
star systems are similar to our Galaxy — the Milky Way — and are corre- 
spondingly called galaxies. Of the 103 objects in the Messier catalogue, 

34 are independent galaxies. Their proportion in the NGC and IC (see §169) 
is even higher. A comprehensive catalogue of weak nebulous objects will 
contain but a negligible fraction of nebulae which are not galaxies. 

The first extragalactic nebula was discovered and described as early as 
1612 by Simon Marius (Germany). This was the sprial galaxy in Andromeda. 
The question whether the spiral and elliptic nebulae were galactic or 
extragalactic objects was finally settled in the 20th century. In 1917 
Ritchey and Curtiss discovered novae in the nearest galaxies. In 1924—1926 
Hubble resolved the outer regions of some spiral galaxies into individual 
stars through the 100-in. telescope, and in 1944 Baade resolved into stars 
the nuclei of these spiral galaxies and some elliptic galaxies. It was thus 
conclusively established that these objects were of extraglactic origin, 
island universes not unlike our Galaxy itself. 

§ 176. Hubble's classification of galaxies. A systematic study of the 
extragalactic objects was begun in the 1920's by Hubble. These years saw 
the advent of a new astronomical science — extraterrestrial astronomy. 

In 1926 Hubble proposed the first classification of galaxies. 

The galaxies are divided into regular and irregular. The regular 
galaxies are subdivided into spiral (Ss) and elliptical (E). 

Spiral galaxies (often briefly called spirals) are highly flattened sys- 
tems. Spiral galaxies observed in plan show a bright nucleus with 
spreading spiral arms. A spiral galaxy viewed edge on appears as a 
highly flatened ellipse with a central bulge (the nucleus) and sharp pointed 
edges. A dark band or lane extends along the major axis of the ellipse: it 
is produced by the absorbing dark matter which is concentrated in these 
systems near the plane of symmetry, as in our Galaxy. 

Hubble divided the spiral galaxies into three subclasses, according to 
the relative size of the nucleus and the prominence of the spiral arms. 

His classification reflects the observational fact that the relative size of 
the nucleus shrinks as the spiral arms become more developed. 

Spiral galaxies with poorly developed, sometimes rudimentary spiral 
arms and a large nucleus are designated Sa (Figure 193, NGC 2681, Sa, 
kS1; here and in what follows, the name of the galaxy is followed by 


631 


Ch. XXII. EXTRAGALACTIC ASTRONOMY 


Hubble's classification and sometimes by Morgan's as well). Galaxies of 
this type viewed edge on are seen to be less flattened than other spirals 


(Figure 194, NGC 4594, Sa, kS6). 


FIGURE 193 


FIGURE 194 


Spiral galaxies Sb have somewhat better developed spiral arms 
(Figure 195, NGC 2841, Sb) and their nuclei are smaller than in Sa 
galaxies. 

Sc galaxies have highly developed spiral arms (Figure 196, NGC 5364, 
Sc, fg S4); in some cases the arms are separated to such an extent that 
the spiral structure appears to be decaying (Figure 197, NGC 598, Sc, fS3). 
Sc galaxies observed edge on are extremely flattened (Figure 198, 

NGC 4565, Sc). 

In accordance with Jeans's hypothesis, which stipulates that the spiral 
galaxies evolve from Sa through Sb to Sc, the Sa spirals are called early, 
the Sb intermediate, and the Sc late. 
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FIGURE 195 


FIGURE 196 


In some spiral galaxies the nucleus is situated at the middle of a "bar," 


and the spiral arms stretch from the two ends of this bar (Figure 199, 
NGC 2859, SBa; Figure 200, NGC 1300, SBb, fB2). These barred Spirals 
receive an additional letter B in their classification, and by analogy with 
normal spirals they are designated SBa, SBb, SBc. These galaxies as if 
constitute a parallel branch to the Sa, Sb, Sc spirals. 

The elliptical galaxies E, unlike the spiral galaxies, are featureless. 
Their surface brightness gradually falls off from the center toward the 
edges (Figure 201, NGC 221, E2; Figure 202, NGC 3115, E7). 
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FIGURE 197 


FIGURE 198 
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FIGURE 199 


FIGURE 200 


An additional characteristic of these galaxies is the flattening of the 
apparent ellipse, defined as 


10-(1—n), (1) 


where n is the sphericity of the apparent ellipse, equal to the length of the 
semiminor axis in units of the semimajor axis. The flattening of individual 
galaxies is generally expressed in whole numbers. Elliptical galaxies of 
maximum flattening are assigned degree of flattening 7, and are thus 
designated E7. Round elliptical galaxies are designated EO. All the 
intermediate flattening values are also observed. The flattening of the 
spiral galaxies viewed edge on is 8, 9, and 10. The apparent flattening of 
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a spiral, however, is not used as a physical characteristic of the galaxy, 
since it is mainly determined by the orientation of the system relative to 


the observer. 


FIGURE 202 


Irregular galaxies have no distinct symmetry (Figure 203, NGC 4449, II). 
They are designated by the letter I. The irregular galaxies were subse- 
quently divided into two subtypes, which markedly differ from one another. 
Subtype I (Magellanic Clouds) is characterized by traces of spiral structure 
and fairly high luminosity. It is further distinguished by prevalence of 
Population I stars. Galaxies of this subtype are designated II. Subtype II, 
which includes the nearby galaxies in Sculptor and Fornax, has a highly 
peculiar distinctive feature: the luminosity is exceedingly low and no 
central concentration is observed. These galaxies show a trace of a 
nucleus, which is not found in elliptical galaxies. At the same time S0 
galaxies have no spiral arms, and properly speaking are not spirals at all. 
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FIGURE 203 


Schematically, Hubble's classification can be written in the following 
form: 
Sa — Sb — Se 


B1—B2—E3— E4— 55 — E6— Ev S1. 
SBa — SBb— SBe~ 


This scheme may reflect to a certain extent the actual evolution of the 
galaxies. We can by no means assert, however, that Hubble's scheme is 
intended as a model of galactic evolution. 

Hubble's classification has currently found wide uses. However, recent 
studies of a great number of galaxies have revealed enormous variety, 
especially among the spiral galaxies. Observations disclosed characteris- 
tic features not accounted for by Hubble's classification. For example, 
many of the galaxies classified as spiral actually have no spiral arms: 
they are ring-shaped (Figure 204, NGC 4826). Different intermediate 
forms were observed, and it was therefore realized that Hubble's classifi- 
cation required further elaboration. Thus, Vaucoulers (1957) proposed 
the following more detailedclassification. He divided the galaxies into four 
principaltypes: elliptical (E), lenticular (SO), spiral (S), irregular (I). 
Lenticular and spiral galaxies fall into two subfamilies: ordinary (SA) and 
barred (SB), with an intermediate SAB type. Spiral galaxies occur in two 
varieties: spiral proper (s) and ring-shaped (r), with an intermediate xs 
type. Depending on the prominence of the spiral structure, Vaucouleurs 
distinguishes between early (a), intermediate (b ); late (c ) and very late (d) 
galaxies, and galaxies of the Magellanic Clouds type (Sm). The Magellanic 
Clouds in Hubble's classification are irregular galaxies. Vaucouleurs, 
however, detected traces of spiral structure in the two clouds and moreover 
pointed out a number of other galaxies of similar type. All these were 
double galaxies, and Vaucouleurs is of the opinion that we are facing in 
these cases the results of a substantial decay of spiral structure due to 
interaction between the two components. 
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FIGURE 204 


Irregular galaxies II are thus classified by Vaucouleurs as 5m because 
of the observed traces of spiral structure. The irregular galaxies III are 
the only representatives of irregular galaxies in Vaucouleurs's classifica- 
tion. They are appropriately designated by the single letter I. 

§177, Distances of galaxies. Extragalactic astronomy commonly 
operates with two large distance units: kiloparsec (kpc), equal to 1000pc, 
and magaparsec (Mpc), equal to one million parsecs. Kiloparsecs are 
used in measuring the sizes of galaxies, the distances of the nearest 
galaxies, and the diameters of small clusters of galaxies. The distances to 
the far galaxies and clusters of galaxies and the diameters of large clusters 
are expressed in megaparsecs. 

Correct determination of the extragalactic distances is one of the funda- 
mental problems of extragalactic astronomy. The commonly used methods 
were mainly developed by Hubble. 

1. The method of cepheids. The period of a cepheid is indicatory 
of its absolute magnitude. If the apparent magnitude is corrected for 
absorption, we can calculate the distance modulus. The method of cepheids 
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is clearly the fundamental yardstick of extraterrestrial astronomy and it 
gives highly accurate results. Until quite recently, this method was 
virtually irreplaceable for the calibration of all the other distance 
measuring techniques in extragalactic astronomy. In this respect, the 
situation is analogous to the role of trigonometric parallaxes for the 
calibration of all the other methods used in measuring galactic distances. 
Biased errors in the method of cepheids are therefore automatically 
carried over to all the other methods of extragalactic distance measurement. 
The method of cepheids in its turn is calibrated using trigonometric 
parallaxes, so that it is in fact this old traditional technique which consti- 
tutes the basis for all the methods of distance measurement in astronomy. 

Only long-period cepheids were detected in other galaxies and could be 
used for distance measurement. The short-period cepheids (RR Lyrae 
stars) are intrinsically too faint to be resolved even with the largest 
instruments in the nearest galaxies. 

2. The method of novae makes use of the fact that at the maximum 
the novae reach absolute magnitudes of about -7". When applying this 
method, we should take care to measure the apparent magnitude of the nova 
just near the maximum. Normally it is very difficult to detect the exact 
maximum, since the premaximum phase is characterized by a very rapid 
growth of brightness whereas the postmaximum phase involves a slow 
reduction of luminosity. As a result, the measurements give too low 
magnitudes and the distances are exaggerated. Reliable corrections for the 
mean delay can be introduced if a sufficient number of novae is observed 
in the particular galaxy. 

Another method is to measure the magnitude of the nova a fixed number of 
days (1 0, 15, 20) after the maximum. At these times in the postmaximum 
phase the magnitude of the nova is —6, ~—5, —4™, respectively; a few days 
after the maximum the decreasing branch is considerably more level than 
right after the maximum, and the error in pinpointing the exact maximum 
is not as critical as before. The main shortcoming of this method is that 
it is applicable only to the nearest galaxies, where the novae remain visible 
for a lengthy period after the maximum. 

3. The method of bright stars is based onthe assumption that 
the absolute magnitudes of the brightest stars are constant, at least in 
galaxies of one type. In particular, it is assumed that the brightest 
stars in spiral galaxies have the same luminosity as the brightest stars 
in our Galaxy. The analysis is geneally based on the mean apparent 
luminosity of some ten or twenty of the brightest stars. 

4. The method of globular clusters, like the above method, 
is based on the assumption that the globular clusters in other galaxies on 
the average have the same absolute magnitude as the globular clusters in 
our Galaxy. 

5. The method of ring diameters was recently proposed by 
Vaucouleurs (1957), who found that the diameters of the rings in ring- 
shaped galaxies are approximately equal for the different subtypes (Sra, 
Srb, Src, Srd), wheréas the average diameter of a Sc and Sd spiral is 
double that of a Sa spiral. The average ring diameter is 2.5kpc, witha 
mean deviation of 0.4kpc. If the linear diameter of the ring is known, the 
distance can be inferred from its angular size. The largest telescopes will 
measure rings 0'.1 in diameter. This corresponds to distances of 80Mpc, 
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which are definitely inaccessible to any of the above methods. The 
advantage of this method is that it does not require any correction for light 
absorption. The method of ring diameters has been hardly used in 
practice, however. 

6. The method of integrated magnitudes fixes the distance 
by comparing the apparent integrated magnitude and the absolute integrated 
magnitude, which is assumed constant for galaxies of a given type. The 
main significance of this method is that it will estimate the distances to 
the farthest galaxies, in which the individual objects required by the other 
five methods are no longer resolved. This method is inaccurate, since 
the dispersion of absolute magnitudes is considerable even for galaxies of 
one type. 

7. The method of average diameters is based on the 
assumption that the linear diameters of galaxies of one type are equal, so 
that the angular size of the major diameter of a galaxy is only a function 
of its distance. This method is also inaccurate since the linear 
diameters show a considerable spread for each particular type. 
Moreover, the apparent angular diameter that we measure depends on the 
minimum surface brightness to which the detector responds. 

8. The method of radial velocities. This method uses 
Hubble's red shift law: the lines in the spectra of galaxies show a red 
shift which is proportional on the average to the distance of the galaxy. If 
the red shift is attributed to the Doppler effect, we have the relation 


v=H-r, (2) 


where vis the recession velocity of the galaxy, ris the distance, His 
Hubble's constant. 

According to Hubble's original results (1936), H= 540km/sec/Mpc. 

If the red shift is associated with some other factor, and not with the 
Doppler effect, Eq. (2) has no physical meaning and velocity vis to be 
understood symbolically. This, however, need not affect the application 
of Eq. (2) to distance dtermination. 

Eq. (2) is satisfied only on the average. Each galaxy has its own 
peculiar velocity. The average peculiar velocities of the galaxies are 
estimated at 400--500km/sec and are apparently little sensitive to the 
distance. Comparison of this figure with AH shows that the method of 
radial velocities is valid for individual galaxies only at distances greater 
than 10Mpc. For very distant objects, this method is highly reliable 
provided that the Hubble constant is accurately known. 

§ 178. Apparent magnitudes, absolute magnitudes, diameters, and 
surface brightness of galaxies. Table 1 is a list of the 20 brightest galaxies 
published by Shapley in 1958. 

The table shows that only three galaxies are visible to the naked eye: 
the Large Magellanic Cloud (LMC), the Small Magellanic Cloud (SMC), and 
the Andormeda Nebula, NGC 224 (M31). There are six galaxies on the list 
with apparent magnitudes of up to 7".9, six galaxies between 8.0 and 87.9, 
and seven between 9”.0 and 9”.5. This shows that the number of galaxies 
of a given apparent magnitude increases with increasing apparent magnitude. 
The brightest galaxies are equally distributed between the Southern and the 
Northern Hemisphere. Their distribution over the sky is distinctly 
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nonuniform, however. They almost completely avoid the zone —-20< ) << +2. 
This zone, which accounts for more than 1/3 of the total sky area, contains 
a single galaxy, against the expected seven. This is apparently associated 
with strong absorption of light at low latitudes. The light absorption near 
the galactic equator probably obscures several of the brightest near 
galaxies. : 


TABLE 1 


Name or 


dimensions 


1 LMC — | 41.2] 5426" |—69° 247°! 33°} II 22 180° 
2 SMC — |2.8] 050 |—73 268 |—45 | II 29 180’ 
3 224 M31 | 4.5] O 40.0 |441°00'|] 90 |—20; Sb ] kS5 230 |200' x90’ 
4 598 M33 | 6.7] 4 34.4 }+30 24 | 102 |—30 | Sc ($3 220 | 10’ x 10” 
5 253 — |7.6 | 0 45.1 j|—25 34] 91 /—37] Sc | afS6 
6 5D — }7.8j 0 12.5 |—39 30 | 183 |~84 4 Sc al 
7 5236 M83 | 8.0 | 14 43.3 |—29 37 | 287 /+32 | Se | fgsi 900 | 10’ x8’ 
8 3031 M81 | 8.1; 9 51.5 }+69 18 | 109 |-+42 | Sb kS4 770 | 16°10’ 
9 4594 M104/ 8.6 | 12 37.3 |—11 21 [269 1+51 Sb | kS6p , 2500 17’ 1’,5 
10 5457 M101; 8.6 | 14 1.4 [154 35 | 66 [+60 Sb {S1 900 | 22’ x22’ 
14 26 | M64 | 8.7 | 12 54.3 |421 47 | 246 |+82] Sb |fgS4p] S00] 8'x4’ 
12 | System in 

Sculptor — |}8.9) 0 58.9 J—33 50 | 226 |—83 ) [11 70 45‘ 
13 47315 M94] 9.0! 12 48.6 [+441 23 | 83 |+76/ Sb | g53 900 | 5’x 3° 
14] System in 

Fornax 9.4 | 2 39.4 |—34 34 | 201 |—64; LIL 150 0’ 

15 3034 — | 9.2] 9 54.9 |4-69 56 | 108 |442 | II al 500 | 13‘x8' 
16 4945 9.2] 13 2.4 |—49 Of | 273 }412 S 11° 2° 
17 221 M32 | 9.3] 040 /+440 36 | 90 |—22| E2 kE3 | 230 | 12'x8’ 
18 2403 9.3) 732 |465 43 |118 |+40] Sc aS4 500 | 10’ x6’ 
19 5194 M51 | 9.3 | 13 27.8 |+47 27 | 66 |+68] Sc fS4 900 | 14’ x10’ 
20 205 9.5] 0 37.6 |4+41 25] 89 |—21 | E5 Ep 230 | 26’ x 16’ 


Table 2 is the list of the 34 nearest galaxies (including our Galaxy), and 
it was compiled from Holmberg's 1950 data. This list is clearly far from 
being complete. It should be supplemented with additional nearby but 
faint (dwarf) galaxies. Specifically note, that the M101 group contains no 
galaxies weaker than 12”.7. The list is apparently selective, giving 
preference to the brighter galaxies. Furthermore, a substantial number 
of near galaxies in low galactic latitudes is invisible because of interstellar 
absorption. ; 

Using the data on the nearest galaxies, Holmberg obtained the 
average absolute magnitudes and dispersions for the different galaxy 
types listed in Table 3. 

Hubble obtained for bright galaxies of all types M,= —14™.2 and ov= 
= 0”.85. 

This divergence is quite understandable since examination of the bright 
galaxies leads to sélection of high-luminosity objects, increasing their 
average luminosity and reducing the dispersion. If weak near galaxies 
are detected and taken into consideration, the average luminosity of all 
types will decrease and the dispersion will somewhat increase. Neverthe- 
less, the dispersion of absolute magnitudes of galaxies is definitely much 
less than the dispersion in the absolute magnitudes of stars, where 
om =~ 4™, Because of this difference in the dispersion of absolute magnitudes 
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_of stars and galaxies, 13 out of the 20 brightest galaxies are among the 
33 nearest objects, while of the 20 brightest stars, only 4 are among the 
33 nearest objects (Tables 6 and 7, Chapter XVIII). 


TABLE 3 
Type Num ber of 
YP galaxies P Ons 
£ 6 —12,2 4,1 
S$ 10 —14,8 1,8 
J 12 —13,6 1,7 
Total | 28 | —13,5 | 1,85 


Using the data of Table 3, Holmberg constructed the luminosity function 
of the nearest galaxies. This function is shown in Figure 205 (curve II). 
; The same figure also gives the luminosity 
functions of Hubble (I) and Zwicky (II). 
pl) Hubble constructed his luminosity function 
for all the visible galaxies, i.e., all the 
galaxies up to a given apparent magnitude, 
assuming a normal luminosity distribution. 
Holmberg's luminosity function is skewed, 
MT with its mode at —12".2. Holmberg's 
function is closer to the actual luminosity 
function than Hubble's function, since the 
latter is distorted by observational 
selection. Note, however, that Holmberg's 
function is based on a very small sample, 
which includes only the nearest galaxies. 
Moreover, remember that the composition 
of the large clusters of galaxies is greatly 
different from the composition of the field 
galaxies (this is evident already from the 
1, 7 differences in the frequency of flattening) 
and Holmberg's function may be considered 
“0 -le@ -14 “iG -lé od only as the luminosity function of galaxies 
which are not included in any large cluster. 
Some astronomers are of the opinion 
" that the luminosity function has no maximum, 
that the number of galaxies increases monotonically with decreasing 
luminosity, and the observed maxima are the outcome of artificial selection, 
which virtually cuts off all weak galaxies from the odServational samples. 
There are also indications of a gradual transition from galaxies to globular 
clusters and other star clusters of smaller scale. Thus, Zwicky (1957) 
proposed for the luminosity function of galaxies a monotonic function of the 


FIGURE 205 


form 


@(M) = A[t0°? 0) _ 47, (3) 
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where the parameters should be determined using two points on the right 
branch of Holmberg's function, which corresponds to the distribution of 
high-luminosity galaxies. The function (3) clearly cannot be normalized. 
The corresponding curve (III) is also shown in Figure 205. 

Baade opposed this idea of no clear-cut boundary between galaxies and 
globular clusters. He pointed out that the known galaxies of the lowest 
absolute luminosity are still 2—3 magnitudes brighter than the globular 
clusters of highest luminosity. 

Finally note that Hubble's and Holmberg's luminosity functions and all 
the data in Tables 1 and 3 pertaining to distance moduli, absolute 
magnitudes, and linear dimensions should be radically revised: Baade 
(1953) showed that the scale of extraglactic distances based on Hubble's 
techniques was wrong (see § 183 for a more detailed discussion). All the 
extragalactic distance moduli have to be increased at least by 1".5. The 
absolute magnitudes are thus reduced by the same amount. The average 
absolute magnitude of galaxies according to Holmberg (taking a correction 
of 1".5) will drop to -15".5, the absolute magnitude of NGC 224 (M31) will 
be —19".6, which is equal to the absolute magnitude of the Galaxy (-19" or 
-20"). Our Galaxy is thus no longer an object of extraordinary luminosity, 
although it remains among the giant galaxies. 

Since 


p= 10%: 20m—39 (4) 


the increase of the distance modulus by 1”.5 increases the distance r by a 
factor of 10°° or almost double. All the linear dimensions of galaxies in 
Table 2 (except those of our Galaxy ) should therefore be doubled. The size 
of NGC 224 becomes comparable with the size of our Galaxy, but the 
dimensions of other galaxies nevertheless remain substantially smaller. 
This significant difference is primarily due to the fact that the Galaxy and 
NGC 224 are really giant systems, and all the other nearby galaxies are 
substantially smaller. However, methods of higher sensitivity will clearly 
reduce the difference to a considerable extent. 

The measured angular dimensions of galaxies are largely dependent on 
the particular method of measurement. If ordinary photographic techniques 
are used, the size of the galaxy increases with increasing speed, increasing 
exposure, increasing sensitivity of the plate, etc. Photoelectric 
techniques record farther lying outer regions of the galaxies. Finally, the 
star count method, which can be applied to the nearest galaxies resolved 
into individual stars, is apparently the only one which gives the true limits 
of the galaxies. Here the boundary is determined as the line beyond which 
the number of stars to a given magnitude per unit sky area shows no excess 
compared to the average number of field stars. Vaucouleurs (1955) applied 
the method of star counts to the Magellanic Clouds and obtained 1200! for 
the angular size of the Large Cloud and 540' for the Small Cloud. 

The angular dimensions of other galaxies are underestimated even toa 
greater extent in Table 3 (with the exception of NGC 224, which has been 
studied most comprehensively). It seems that Table 3 gives only the size 
of the inner, relatively bright parts of the galaxies. If an observer situated 
in another star system were to apply the same photographic methods to our 
Galaxy, the Sun would be left outside the Galaxy. 
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The large differences in the diameters of the galaxies in Table 3 show 
that the method of distance determination from the angular dimensions of 
galaxies is indeed inaccurate. 

If we know the integrated apparent magnitude m of a galaxy and its 
angular dimensions a and fi (expressed in minutes of arc), the average 
surface brightness of the galaxy in stellar magnitudes per sq. minute is 
m= m+2.51lg(xop). This magnitude is not a single-valued characteristic, 
since the angular dimensions of the galaxy depend on the particular mea- 
surement methods applied. The average magnitudes of the galaxies in 
some fixed system of measurement can nevertheless be compared. Thus 
Vaucouleurs, using the Shapley—Ames catalogue, obtained the following 
average surface magnitudes and mean square deviations from the average: 


Type mM a 
EO, 50 11.75 0.90 
Sa, Sb, Sc 13.15 0.75 


Thus, the average surface brightness of early-type galaxies is substantially 
less than that of late-type galaxies. 

Hubble, Redman, Oort, and many others studied the distribution of 
surface brightness in galaxies. All elliptical galaxies were found to have 
identical surface brightness distribution. The only difference is the degree 
of flattening of the galaxies and the actual value of the surface brightness 
at the center of the ellipse. This result is of considerable cosmogonic 
significance, since it points to a common evolutionary path for all the 
elliptical galaxies. 

Hubble (1930) proposed the following expression for the distribution of 
surface brightness along the major and the minor diameters of galaxies: 


Bear (5) 


(r -j- a)? 
where ris the distance from the center, }}, and 2 are the distribution 
parameters. 
Vaucoulers's function provides a somewhat better approximation to the 
observed distribution of surface brightness in E galaxies: 


lee = —338(f-L-1), (6) 


where 8,is the surface brightness at the center, r, is some effective radius. 

Spiral galaxies have no common brightness distribution function because 
of considerable differences in their external appearance. Shchegolev 
(1955) published a curve (Figure 206) of the surface brightness along the 
diameter of the spiral galaxy NGC 5457, viewed in plan. The solid curve 
gives the surface brightness in blue light, and the dashed curve that in 
yellow light; the units are apparent magnitudes per sq.second. A sharp 
peak is observed at the center of the galaxy. Smaller peaks flanking the 
nucleus on both sides correspond to spiral arms and smaller formations 
branching off the main arms. In blue light all the peaks associated with the 
spiral arms are sharper than those in yellow light. This shows that in. 
spiral arms white-blue stars and gaseous nebulae are concentrated in 
greater numbers than the yellow and red stars. However, even in spiral 
arms, the radiation in yellow light is hardly smaller (or only slightly 
smaller) than tne radiation in blue light. 
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§ 179. Spectra, color indices, and stellar populations of galaxies. 
Morgan's classification. The spectra of galaxies are a superposition of the 
spectra of the constituent objects. These are generally spectra with 
absorption lines. If the objects with emission lines (mainly gas nebulae) 
make a substantial contribution to the total radiation of the galaxy, the 
resultant spectrum will also show emission lines. 

The spectra of galaxies cannot be identified with the spectrum of any 
individual star because of their composite origin. However, comparing 
the intensities of various lines in the spectra of galaxies we can determine 
their "spectral type''in accordance with the methods of ordinary spectral 
classification of stars. The spectral type obtained in this way is evidently 
close to the weighted average (over the luminosity) spectral type of the 
constituent objects. 

Table 4 lists the frequency of spectral classes among 572 galaxies of 
various types (Humason, Mayall, and Sandage, 1956). 


TABLE 4 
Type 

Spectrum Sc +SBe | Sb + SBp| Sa + SBa | So + SBO E 
Emission 9 44 
AS— A6 1 2 4 
A9— FO 1 12 5 Pr 2 ‘ 
Fi— F2 4 4 3 
F3—F4 4 5 { 
F5—F6 12 9 6 5 t 
F7—F8 40 9 8 4 4 
F9—GO 1 5 25 40 44 10 
Gi—G2 4 44 10 18 25 33 
G3— G4 5 22 48 39 5é 
G5—G6 4 5 19 23 54 
G7—GB 7 3 7 34 
G9— KO 


647 


Ch, XXII. EXTRAGALACTIC ASTRONOMY 


The mean error in the determination of the spectral type of a galaxy was 
estimated as approximately half a type. Therefore, for elliptical galaxies, 
the dispersion of spectral types in Table 4 is probably mainly due to errors 
in spectrum identification. For spirals, on the other hand, and mainly 
those of subtypes Sc + SBc and Sb + SBb, substantial dispersion of spectral 
types within a given subtype of galactic classification is obvious. 

We further see from the table that earlier-type galaxies on the average 
have an earlier spectrum. Table 5 lists the average spectra of galaxies 
of each type (all emission spectra and irregular galaxies were omitted). 


TABLE 5 

Number of Average 
Tyee | galaxies | spectrum 

FE 178 G 3.7 

s@— SBu 417 G 2.2 
Sa-!. SBa 84 G 1.4 

Sb -b SBb 102 F 9.6 

Sc + SBe 65 F G4 


The color index of galaxies increases on passing from early to late 
spectra. It should thus also increase on passing from early~type to late- 
type galaxies. This is confirmed by the data on the average color index 
for the different types of galaxies, obtained by Holmberg for 23 of the 
nearest galaxies, and by Stebbins and Whitford for 187 galaxies using the 
photoelectric technique (Table 6). 


TABLE 6 
Holmberg Stebbins and Metre 
Type : 
N | ci N cr 
( 
It 4 40.33 
TIT 3 0.82 
Se 8 0.49 26 1-047 £0.08 
Sb 3 4 0.84 37 +0 624042 
Sa 4 +08! 17 -+ 0.83 $0.42 
SU 32 + 0.83 + 0.14 
E 4 $0.77 54 -p 0.86 0 OG 


Holmberg's data show that irregular galaxies fall into two distinct 
groups in terms of their color index. II have a smaller color index than 
Sc, whereas the average color index of III is the same as for early-type 
spirals and E galaxies. 

A highly complex problem is how to establish from the spectrum of a 
galaxy the presence and the numerical composition of some restricted 
group of objects, e.g., stars of a certain spectral type and given luminosity. 
In some cases, even this problem is solvable. Thus, the presence of 
distinct CN absorption bands in the spectrum reveals the presence of normal 
giants of spectral types G8—K3 in the galaxy, since only these stars are 
capable of producing these bands. 


648 


§179. SPECTRA OF GALAXIES AND MORGAN'S CLASSIFICATION 


More general considerations — determination of the relative number of 
Population I or Population II stars — are much less certain. E and 80 
galaxies seem to be composed of Population II stars, Sa and Sb galaxies are 
mixed Population I and Population II, the percentage of Population I stars 
increasing from Sa to Sb. Sc and II galaxies are the richest in Populationl 
stars. In some systems Population I stars prevail, as in the Large 
Magellanic Cloud. 

Resolution of the nearest galaxies into individual stars and careful 
examination of their stellar composition led to identical results. 

The spectra of galaxies with a higher proportion of Population I stars 
are expected to show emission lines more frequently. This conclusion is 
confirmed by Table 7, which lists the data of Humason, Mayall, and 
Sandage for the percentage of galaxies of different types showing the 
emission line 4 3727A [OII]. 


TABLE 7 
| Percentage of 


Type er hee tag | galaxies with 
8 emission lines 
Se -Sie | 4| So 
Sb |-SBb titi su 
sao ob sBa ; ay iy 


su Losin AY 
I s? 


ea 
zx 


The spectra of Sc and II also show lines of higher ionization potentials. 

The color indices of elliptical galaxies are approximately constant over 
the entire surface of each galaxy. In spiral galaxies, the nucleus and the 
spiral arms have widely different color indices. The nucleus is much 
redder than the arms. According to Seyfert (1940), the average color index 
of the nucleus for seven spirals is 0".8, and at certain points of the spiral 
arms it reaches 0”.0. The nuclei of spiral galaxies thus have the same 
color as the elliptical galaxies. They also have the same spectrum. 
Resolution of the nuclei of the nearest spiral galaxies into individual stars 
has shown that they are composed of Population II stars. The spiral arms 
contain an abundance of blue giants and supergiants, long-period cepheids, 
and gas and dust clouds, i.e., typical Population I environment. 

When spiral galaxies are photographed through a red filter, the spiral 
branches are obliterated and the galaxy shows as a smooth featureless 
ellipse. This confirms the conclusion that the spiral galaxies are white- 
blue in color, but nevertheless contain a substantial number of yellow-red 
Population II stars. 

In 1956 Haro reported the discovery of galaxies showing strong ultra- 
violet radiation. In some of these galaxies, the ratio of radiation 
densities in yellow, blue, and ultraviolet light is comparable with the 
corresponding ratio for stars of extreme violet color, e.g., white dwarfs 
or nuclei of planetary nebulae. The light of these galaxies shows a 
pronounced central concentration, so that the ultraviolet emission virtually 
comes from the nucleus. Their spectra show, besides the 37274 line, 
also lines of higher excitation potentials. Galaxies of different morpholo- 
gical types are represented in this group (there are definitely some spiral 
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and elliptical galaxies). Note that these violet galaxies are localized only 
in certain groups, in particular they are numerous in the Coma Berenices 
cluster. 

Hubble's morphological classification was extended by Morgan and 
Mayall, who used the spectral characteristics of galaxies to incorporate 
the element of stellar population composition into the classification scheme. 
The absorption and emisssion lines of the spectra, despite their composite 
appearance, give reliable information on the composition of stellar popula- 
tion in galaxies. The spectral types (see Table 4) lie between A5 and G8, 
and although the spectrum shows a definite correlation with Hubble's 
types, this correlation is not particularly pronounced and in some types, 
especially Sc and Sb, the dispersion of the spectra is very considerable. 
Morgan and Mayall found that the correlation between the spectrum and the 
degree of central concentration is much more pronunced that the correlation 
between the spectrum and the type of the galaxy, or the correlation between 
the type and the central concentration. Thelaterthe spectral type, the 
higher is the central concentration. By specifying the degree of central 
concentration in galaxies we thus fix the spectral type and hence the stellar 
composition. 

In Morgan's classification (1958) irregular galaxies and spiral 
galaxies without marked concentration toward the center are 
designated a. The violet part of the spectrum of these galaxies is 
attributed to the radiation of stars of spectral types B, A, and F. At the 
other end of the sequence lie the elliptical galaxies and the spiral galaxies 
with maximum central concentration. The population of these galaxies is 
designated by the letter k. The violet region in the spectra of the central 
parts of these galaxies is attributable to the emission of K-type giants. All 
the intermediate cases are obtained by interpolation in terms of the 
observed concentration between the two extreme cases. 

The intermediate populations are designated af, f, fg, g, gk. Although 
the classification is based on the central concentration of radiation, the 
violet part of the spectrum is always attributable to the emission of the 
giants of the particular spectral type which is identified with the letter used 
for the classification. 

The second parameter in Morgan's classification is the Hubble shape 
parameter: S for spirals, B for barred spirals, E for elliptical galaxies, 

I for irregular galaxies. The different subtypes are Ep for elliptical 
galaxies with a substantial content of dark matter, D for systems with 
pronounced axial symmetry without signs of spiral or elliptical structure. 
L for systems with low surface brightness (corresponding to type III), 

N for systems with a small bright nucleus against a weak background. The 
spiral galaxies are divided into subtypes Sa, Sb, Sc. 

Systems with individual peculiarities receive an additional letter p. 

The third parameter is the apparent flattening of the system. For 
spirals it is clearly the result of inclination to the line of sight, so that 
this parameter can be identified with inclination. Galaxies with the largest 
observed flattening are designated by the numeral 7, and spherical 
galaxies by 1. Nought is not used, to avoid confusion with Hubble's type SO. 
All the intermediate degrees of flattening are designated from 6 to 2. 

Thus, NGC 224, which in Hubble's classification is a Sb galaxy, is 
designated kS5 in Morgan's classification, since this system has a very 
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pronounced concentration of radiation toward the center (the bulk of the 
galaxy is composed of Population If stars) and the galactic plane is markedly 
inclined to the tangent plane, producing substantial apparent flattening. 

The galaxies shown in Figures 193, 194, 196, 197, and 200 are identified 
both according to Hubble's and Morgan's classification (see $176). 

Morgan classified 605 galaxies in the new scheme. Morgan's classifi- 
cation is a major breakthrough in extragalactic astronomy. Note however, 
that the violet galaxies discovered by Haro do not satisfy the principles 
laid downby Morgan. These galaxies have a considerable central concentra- 
tion, so that according to Morgan they should be composed of population k. 
In fact, population a of white-blue supergiants predominates in these 
galaxies, their nuclei included. 

§ 180. The frequency of galactic types. In 1936 Hubble classified 600 
bright galaxies and obtained the following percentage distribution: 


E Sa+ SBa Sb + SBb Sc+SBc 
17 19 26 38 


Irregular galaxies were very few, and Hubble did not include them in his 
statistics. 

The observed frequency of galactic types will coincide with the true 
distribution only if the average absolute magnitudes and their dispersion 
are identical for galaxies of all types. Otherwide, the apparent distribution 
will exaggerate the proportion of high- luminosity galaxies, since they are 
visible throughout a large volume of space, whereas the apparent number 
of low-luminosity galaxies will bé too low as only the nearest of these are 
visible. 

According to Hubble, the majority of the observed galaxies are spirals. 
From Table 3 we see, however, that spirals are on the average 2".6 
brighter (in terms of absolute luminosity) than the elliptical galaxies. The 
true relation of the different types is therefore entirely different from that 
predicted by the observed distribution. In 1948 Efremov showed that 
elliptical galaxies are in fact much more numerous than the spiral 
galaxies. 

The abundance of irregular galaxies requires an even more radical 
revision. Statistical samples contained exceedingly few irregular galaxies 
and Hubble actually ignored them. The data in Table 3 show, however, 
that the I galaxies are of higher luminosity than the E galaxies and it would 
thus seem at a first glance that they are indeed fewer in number than E. 
This conclusion, however, is based on the peculiar composition of the 
class I in Table 3: it includes both the II galaxies (i.e., the irregular MO 
types) and III. Yet the absolute magnitude of II is about -15".5, whereas 
the III are much weaker. According to Wilson (1955), III objects are 
visible only near the Galaxy. There are only six objects of this type with 
absolute magnitudes between —12" and —8".5. The detection difficulties 
are further enhanced by their exceedingly low surface brightness. All the 
known I II galaxies were therefore detected in the result of the apparent concen- 
tration ofthe resolved stars. Some of the nearestIII galaxies have probably 
escaped detection to this day. If we take this point into consideration, we 
conclude that III galaxies are most abundant in the immediate neighborhood 
of the Galaxy, which clearly suggests that the overall abundance of II is 
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also high. This suggestion is confirmed by Zwicky's discovery (1957) of 
a great number of weak irregular galaxies with low surface brightness in 
the Virgo cluster. Because of their low surface brightness these galaxies 
had remained undetected until Zwicky photographed them with the high- 
speed 48-in. Schmidt at the Mount Palomar Observatory. 

Note that the frequency of galactic types is clearly nonuniform in space; 
for example, around our Galaxy, small elliptical galaxies are represented 
in great numbers, and there are no giant elliptical galaxies. The Virgo 
cluster is rich in giant elliptical galaxies and contains spirals of all 
types. The Corona Borealis cluster contains hardly any Sa, Sb, and Sc 
spirals, whereas SO are observed in great numbers. 

In parallel with different stellar populations, we can thus speak of 
different pooulations of higher-order objects (clusters of galaxies). 

§181. Distribution of the flattening of galaxies. The observed galactic 
shapes and dynamic considerations suggest that to first approximation 
regular galaxies are flattened ellipsoids of revolutions. This approximation 
provides a better fit to elliptical galaxies than to spirals. 

Let the semimajor and the semiminor axes of an oblate ellipsoid of 
revolution be 1 and €. £ is also called the sphericity or the true sphericity 
of the ellipsoid. The true sphericity is equal to the apparent sphericity 7 
(i.e., the sphericity of the observed ellipse) only if the angle i between the 
ellipsoid axis of revolution and the plane of the sky is zero. For other i, 


we have 7>€. 


FIGURE 207 


We require a relation among n, £, andi. In Figure 207, draw a tangent 
at an angle i to the ellipse with axes 1 and §. The equation of this tangent 
is 


yoke +V 67+ ke, (7) 


where 


k=tgi. (8) 


The distance of this tangent from the origin is 


ey Maa 
i ag V +R (9) 
By (8) and (9), 

cos? i= i . (10) 


§181. DISTRIBUTION OF THE FLATTENING OF GALAXIES 


The apparent sphericity function ¢(n) is obtained from observations. We 
are interested, however, in the true sphericity function f(£). To derive an 
equation relating these functions, we assume that all the possible directions 
of the galactic symmetry axis are equiprobable (this assumption is justified 
by a number of studies). The distribution function of iis then given by 


6 (i) di =cosidi, 


The probability that the two independent variables i and & fall between 
li, i+di], [E, E+d&] is clearly /(t)décosidi. Expressing i from (10) and 
integrating over all possible —, we obtain the probability that ny lies in the 


interval [n, n+¢n): 


n 
dgxiay | nie (11) 
einen | V O—€) FE) 


We thus have an integral equation for f(). Introducing new variables 
h= &?, 
g=7, 


we define the functions 


F (h) = { ( Vi) 


2VA~- ht 


te 
O(g) = 242) 
Eq. (11) then takes the form 
g 
@(g)=\ an. (12) 


5 ’ 
te) <2 VIB A eae. (13) 
0 


Eq. (13) enables us to convert the apparent sphericity function to the true 
sphericity function of galaxies. 

This problem was first solved by Hubble (1926), who used a numerical 
method. 

Kavraiskaya (1958) applied Eq. (13) to determine the true sphericity 
function for the field galaxies and the galaxies in clusters. For the field 
galaxies the true sphericity was found to fall between 0 and 0.4 and also 
between 0.95 and 1. The first of the two intervals (corresponding to true 
flattening of 9 and 10) clearly contains spirals, and the second interval 
(with true flattening of 0 and 1) contains elliptical galaxies of spherical and 
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almost spherical shapes. Cluster galaxies, on the other hand, have true 
sphericities between 0.5 and 0.9, i.e., the clusters are rich in elliptical 
galaxies with true flattening between 2 and 7. 

Note that the apparent flattening of a galaxy is not a well-defined quantity. 
Galaxies do not have sharp boundaries and the length of each diameter of 
the apparent ellipse depends on the limiting surface brightness to which 
the particular measurement method responds, i.e., the speed of the optics, 
exposure time, sensitivity of the photoemulsion, etc. The isophotes of 
elliptical galaxies are ellipses of different sphericity, which definitely 
increases for the weaker isophotes. 

It is therefore desirable to use observational series obtained with 
identical instruments. It is moreover always desirable to explicitly cite 
the minimum surface brightness used in the reduction of the galactic 
sphericities. 


FIGURE 208 


Our assumption that E and 5S galaxies are oblate ellipsoids of revolution 
to first approximation is clearly inapplicable to some star systems. 
Ogorodnikov has shown that, theoretically, there may exist elongated star 
systems corresponding to Jacobi's triaxial ellipsoids in the theory of 
stable configurations of rotating fluid masses. Some observational data 
indeed point in favor of the existence of such systems. The weightiest 
argument is clearly the case of barred spirals. Since we know that the 
principal plane of NGC 1300 passes through the spiral arms, we see from 
Figure 200 that the bar of this galaxy approximately has the shape of a 
prolate ellipsoid. On the other hand, there are galaxies which have a 
distinct bar with traces of rudimentary, extremely short spiral arms 
extending from the two ends (Figure 208). In this case the bar is naturally 
again a prolate ellipsoid. It now remains to make the last step in our 
reasoning: some of the highly flattened systems are in fact bars without 
any traces of spiral arms at the ends. 
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§182. The red shift in galactic spectra. In 1929 Hubble reported the 
discovery of the red shift: the lines in the spectra of galaxies, except the 
nearest ones, were shifted toward the red, the amount of red shift being on 
the average proportional to the distance of the galaxy. Initially this was 
established for relatively bright and therefore near galaxies. Later 
Hubble showed (1936, 1953) that the red shift relation was applicable to all 
the galaxies, including the faintest ones, and it was thus recognized as a 
general law of nature. 


The relative shift . of the lines is always constant for a piven spectrum, 


i.e., the wavelengths in each spectrum are changed in the same way as in 
the Doppler effect. The shift of the entire spectrum can thus be inferred 
by measuring the shift of a single line, which is highly significant for the 
weak galaxies where only few spectral lines are discernible. 

The most natural and immediate interpretation of the red shift links it 
up with the Doppler effect. The galaxies are assumed to recede from the 
observer with velocities which are proportional to the distance: 


v=fAfr, (14) 


The velocity v entering Eq. (14) should be corrected for the velocity of the 
Sun relative to the centroid of the nearest galaxies. The latter velocity is 
mainly determined by the velocity of the Sun in the Galaxy and is equal to 
about 300km/sec. It is directed to a point with the coordinates /= 55°, 
b= 0. 

The proportionality coefficient in Eq. (14) is called the Hubble constant. 
Its dimensions are kilometers per second per megaparsec. Hubble's 
constant is one of the fundamental universal constants and its exact deter- 
mination is of the utmost significance. 

If all the extragalactic objects recede at velocities which are proportional 
to their distance from the observer, Hubble's law is naturally interpreted 
as indicating overall expansion of the Metagalaxy: this is the system 
composed of galaxies and clusters of galaxies, only part of which is 
accessible to our instruments. Geometrically the red shift law can be 
interpreted as expansion of space. We must not think, however, that some 
point near the Sun is the center of the expanding Universe, since in case of 
isotropic expansion of space the relative recession velocity of any two points 
is proportional to the distance between them. An inevitable assumption, 
however, is that the expansion velocity is independent of time, since by 
observing the distant galaxies we observe their state in the far past. 

According to the Doppler law 


c Shay, (15) 
where c is the velocity of light. Hence, using Eq. (14), we get 
c oe =Hr, (16) 


where again Ad should be corrected for the velocity of the Sun relative to 
the centroid of the nearest galaxies. 
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Note that Eq. (15) is not exact. According to the special theory of 
relativity, the Doppler effect is described by the equation 


ey (17) 
X 12 : 
~e 


which reduces to (15) only for small v. The maximum measured red shifts 


7 currently reach 1/3. (Baum (1956) measured with the 200-in. telescope 


the red shift of a cluster of galaxies corresponding to a velocity of 
120,000km/sec.) In these cases, the relativity corrections in Eq. (15) can 
no longer be ignored. 

Note that although the observations directly lead to Eq. (16), physically 
it is more logical to start with Eq. (14), and hence using (1 7) to derive (16) 


AR 
for e <1. 
Let us now consider the observational proof of Eq. (16). As we know, 
m—Am—M=S5lgr—5 (18) 
and using (16) we write 
m—Am=5lges* ~ (if —5—5lg H) + (4 —M), (19) 


where for cin km/sec, His expressed in km/sec per parsec. The 
apparent magnitude correction Am is made up to two parts: 


Am=Am'+Am’, 


where Am’is the absorption correction, Am" is the apparent magnitude 
correction associated with the red shift. The first can be estimated 
ignoring the metagalactic absorption and evaluating the galactic absorption 
by any standard technique. 

The red-shift correction Am’’can be found assuming an average energy 
distribution in the spectra of all galaxies. Then one calculates the energy 
distribution corresponding to the observed red shift of all the wavelengths 
and takes the difference in photographic magnitudes corresponding to the 
initial and the shifted energy distributions. 

Let now H be constant and M independent of the distance (it is thus 


independent of m). Then by (19) we see that m—Am and lg ot are related 


by the statistical equality 
m—Am=Alge** +B, (20) 


where 4 = 5 and B=M—5—5lg H, M being the mean absolute magnitude of 
the galaxies. 

The most comprehensive check of Eq. (20) was carried out by Humason, 
Mayall, and Sandage (1956). They used a list of 620 red shifts of galaxies 
measured at the Mount Wilson and Palomar Observatory and 300 red shifts 
measured at the Lick Observatory (the Lick list included 114 items 
figuring in the first list). 
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The results were applied to plot a diagram of m—Amvs. lgec 34 for 


474 galaxies which are not members of clusters (Figure 209). The position 
of the points in this diagram indeed confirms the substantially linear 


dependence between m—Am and lg oAh We can therefore proceed with a 


solution of the redundant system of 474 equations (19) with two unknowns A and 
B. The unknown term (M—M) in these equations is dropped, since it 
probably behaves as a random error. 


b0 


46 


28 


a 10 l2 /4 16 18 ag 
m-Am 
FIGURE 209 


The solution by the least squares method gives 
A= 5.0284 0.116; B=~—4.250+ 0.169. (21) 


A is thus indeed 5, which confirms Hubble's law. 
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Figure 209 shows the line (20) plotted by the least squares method, 
i.e., with A and Bfrom (21). 

The spread of the points about this line is attributable to the following 
factors: 

1) The absolute magnitudes of the galaxies show a considerable dispersion 
and the omission of (M—M) in Eqs. (19) produces a noticeable effect. This is 
the main source of scatter in the diagram. 

2) Alongside with the general law of recession, each galaxy has its own 
individual velocity. The observed red shift gives the algebraic sum of the 
Space expansion velocity and the individual radial velocity of the galaxy. 

The individual radial velocities are not known with any accuracy, but the 
rms velocities are of the order of 200—300km/sec. The dispersion of the 
individual radial velocities further enhances the scatter of the points. The 
distribution of the individual radial velocities is probably symmetric, so 


that lg ca should show a skewed deviation from the mean, especially at 


small distances. This is indeed observed as the large downward deviation 
of points for small values of lg ¢ ak 

3) Many of the near galaxies with measured red shift are dwarfs, 
whereas no dwarfs are included among the distant galaxies. Thus, for 
An 
ry 
values of m—Am. This should also displace the points downward from the 
straight line in the left part of the plot. 

4) Further scatter is caused by errors in the determination of m, Am’, 


small c we have an excess of weak galaxies, i.e., galaxies with too high 


Am”, and lg c an, 

To reduce the spread of points about the red shift line, we should choose 
galaxies of nearly equal absolute magnitude. This can be achieved, Say, 
by selecting the brightest objects 
in various clusters. Since these 
are invariably high~luminosity 
objects, this choice will enable us 
to determine the red shift for more 
distant galaxies, penetrating farther 
out into space and measuring A and 
B with higher precision. 

Humason, Mayall, and Sandage 
measured the red shift and the 
average apparent magnitude for the 
Ist, 3rd, 5th, and 10th brightest 
galaxy in each cluster. This tech- 
nique greatly reduced both the 
dispersion of the absolute magnitudes 
and the dispersion of the individual 

8 iL iA 1S 7 19 velocities. Eighteen clusters were 

m-Am considered; the minimum radia] 
FIGURE 210 velocity was 1136km/sec (the Virgo 
cluster }, and the maximum reached 
60,526km/sec. Figure 210 shows 
that this selection of material gives a distinct linear Hubble relation and the 
spread of points about the straight line is insignificant. 
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The coefficient B obtained by solving the redundant system (20) gives the 
constant H, if Mis known. Exact determination of Mis a difficult problem, 
however. Therefore H is best determined (once the validity of the Hubble 
law has been established) directly from Eq. (14) for some particular galaxy, 
whose radial velocity has been measured and whose distance is known with 
fair reliability from some alternative method. The various determinations 
of the constant H are discusssed in §183. 

The recession velocities emerging from Hubble's law for the near 
galaxies are small and the individual velocities may in some cases lead 
to an apparent negative velocity. Thus NGC 224 approaches our 
Galaxy with a velocity of 70km/sec. NGC598 has an approach velocity 
of 20km/sec. These figures have been corrected for the velocity of the 
Sun relative to the galactic centroid. 

§183. Revision of the scale of extragalactic distances. Hubble's method 
for the determination of extragalactic distances (see §177) gave estimates 
of the average luminosities of galaxies of various types and made it 
possible to find the constant H. A whole system, or as we say a scale of 
extragalactic distances was thus obtained. 

Since then, however, the validity of Hubble's scale began to give rise to 
certain doubts. The main reason for this was that this scale of extra- 
galactic distances ledto a little probable conclusion according to which the 
luminosity and the size of our Galaxy exceeded by a substantial factor the 
luminosity and the size of all other galaxies. Similarly it was found that 
the luminosities of certain individual objects in our Galaxy exceeded the 
luminosities of the corresponding objects in other galaxies. This indicated 
that the extragalactic distances were definitely too low. Lundmark in 1946 
ignored the cepheids and determined the distance to NGC 224 using 110novae, 
white supergiants, and 140 globular clusters. His conclusion was that the 
distance of NGC 224 had to be doubled, since otherwise all the objects 
included in the sample would be consistently fainter than their analogs in 
the Galaxy. 

To understand the reason behind all this, let us consider in more detail 
how the scale of extragalactic distances actually developed from the different 
distance measurement methods. 

The most exact method for the determination of the extragalactic distance 
was the method of cepheids. If the dispersion of the period—luminosity 
curve of cepheids is small, the accuracy of the method is determined by the 
accuracy of the zero point. 

In other galaxies, only the long-period cepheids are observed. Short~ 
period cepheids (RR Lyrae stars) are invisible because their luminosities 
are too low. Hence we require the zero point of the period—luminosity 
curve for the long-period cepheids. Galactic observations, however, could 
not supply an exact determination of the zero point, since none of the long- 
period cepheids in the Galaxy are close enought to the Sun to permit 
measuring the trigonometric parallax. The statistical parallaxes of these 
stars are determined with considerable uncertainty, again because of their 
considerable distance from the observer. The zero point of the period — 
luminosity relation for the long-period cepheids was therefore originally 
taken to coincide with that of the curve of RR Lyrae stars. The latter was 
known with considerable accuracy, since some of the RR Lyrae stars are 
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fairly near. In other words, it was tacitly assumed that the long-period 
cepheids and the RR Lyrae stars fall along a single curve. Shapley's 
period—luminosity curve (Figure 211) 
was widely accepted and generally 
used in determinations of extra- 
galactic distances by the cepheid 
method. 

Cepheids are visible only in the 
nearest galaxies. To obtain the 
distances of farther galaxies, where 
the cepheids are no longer visible 
and only the brightest stars are 
resolved, the apparent magnitudes 
of these objects in the nearest 
galaxies were compared and the 
average absolute magnitudes of the 
brightest stars were thus deter- 
mined. Hubble obtained —6”.1 for 
the average absolute magnitude of 
the brightest stars. The method of 
ae DO ae. AG 75.20 the brightest stars made it possible 
lgP to fix the position of somewhat more 

distant galaxies. 

To measure the distances to still 

farther objects, the method of 
bright stars should be linked up with the method of integrated magnitudes 
or the method of radial velocities. Since the method of integrated magni- 
tudes is less accurate (because of the considerable disperison of the 
absolute magnitudes of galaxies), large distances are generally measured 
by the method of radial velocities. However there is a certain obvious 
restriction to this technique. The average individual radial velocity of 
galaxies is approximately 400km/sec. Therefore, Hubble's constant can 
reliably be determined only using fairly distant galaxies, whose recession 
velocity is at least several times greater than the average individual radial 
velocities, i.e., red shift velocities should be at least 1000km/sec. In 
galaxies with v,>1000 km/sec, no cepheids are visible. The brightest 
stars in these galaxies, however, are still visible, although they are 
accessible to the largest telescopes only. The comparison between the 
brightest stars and the radial velocities is thus feasible only within a very 
narrow range of distances, and it can be carried out only for galaxies with 
radial velocities close to 1000km/sec. The Virgo cluster was used to this 
end, and in particular its brightest object, the spiral galaxy NGC 4321 
(M100). 

The method of brightest stars can be linked up with the method of 
integrated magnitudes, also using the Virgo cluster. This requires 
comparison of the apparent magnitude of the brightest stars with the 
integrated magnitude of the galaxy, assuming that the brightest galaxy in 
this cluster NGC 4321 (M100) has the same absolute magnitude as NGC 224 
and our Galaxy. This comparison was in fact used by Hubble. 

Hubble's results gave H = 540km/sec/Mpc. 


FIGURE 211 
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In summing up we can say that the reliability of the first scale of 
extragalactic distances was conditioned by the accuracy of three distinct 
operations: 1) the determination of the zero point of the long-period 
cepheids, assumed to coincide with the zero point of the RR Lyrae stars; 

2) comparison of apparent magnitudes of long-period cepheids and bright 
stars; 3) comparison of apparent magnitudes of bright stars with radial 
velocities or integrated magnitudes of galaxies. 

The errors in the distances of the nearest objects, where the cepheids 
are visible, depend only on the zero-point error. Errors in the distances 
of the farther galaxies, where the cepheids are invisible but the brightest 
stars are resolved, are determined by the errors under the first two 
categories. Finally, the error in Hubble's constant, and hence in the 
distance, as determined from radial velocity is the sum of errors in all the 
three categories. 

In 1954 Baade tried to detect RR Lyrae stars in NGC 224 using the 200-in. 
telescope. On theold scale, the distance modulus of NGC 224 (not corrected 
for absorption) was taken to be m—M = 22".4. Since the average absolute 
magnitude of the RR Lyrae stars is 0".0, their apparent magnitude should be 
near 22”.4, These extremely faint objects are inaccessible to the 100-in. 
telescope, whose limiting magnitude is 21".5, but they should be visible 
through the 200-in. telescope, since its limiting magnitude is 23".0. How- 
ever, Baade failed in his attempt to detect any RR Lyrae stars among 
objects up to 23".0. He did obtain the image of long-period Mira Ceti 
variables (22".4), however. The average absolute magnitude of stars of 
this type (-1".5) was known with fair certainty from comparison with RR 
Lyrae stars in globular clusters. Hence, the distance modulus of NGC 224 
according to Mira Ceti stars was found to be 


m— M = 22™.4—(—1™.5) = 237.9, 


i.e., 1".5 higher than the previously used distance modulus. If the new 
distance modulus is correct, the RR Lyrae stars in NGC 224 will have 
apparent magnitudes of 23".9 and this will explain why they did not show 
in Baade's photographs. 

Using the new distance modulus of NGC 224, the absolute magnitudes of 
novae and globular clusters in this galaxy become equal to the absolute 
magnitudes of the analogous objects in our Galaxy. This is also a weighty 
argument in favor of the new value of the distance modulus. However, the 
adoption of the new distance modulus for NGC 224 should alter the zero 
point of the period~—luminosity curve of the long-period cepheids. If 
taking m—M = 23".9, we determine the absolute magnitudes of the visible 
long-period cepheids in NGC 224 and markthem in the diagram of Figure 211, 
the curve will follow the dashed line. 

If we further remember that the right part of the solid curve in 
Figure 211 was based on the flimsy assumption that the two groups of 
cepheids followed the same curve, despite their being members of different 
stellar populations with different physical properties, we finally conclude 
that the dashed curve in Figure 211 is the correct period—luminosity 
relation for long-period cepheids, replacing the solid curve which lies 
1”.5 below it. 

Since the distances tothe nearest galaxies are determined using long- 
period cepheids, the new period—luminosity relation implies that the 
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distance moduli of all the nearest galaxies should be increased by 1.5, 
which is equivalent to doubling the entire scale of distances. The nearest 
galaxies are thus 1".5 brighter (in absolute terms) and their linear 
dimensions are double the previous figure. 

Baade's adjustment of the distance modulus of the nearest galaxies by 
1™.5 was confirmed by other astronomers, in particular from observations 
of variables in Magellanic Clouds, 

Note that the distances inside the Galaxy were not affected by this 
adjustment, since all the large distances in the Galaxy are determined using 
short-period cepheids, which retained their original period— luminosity 
relation. The size of the Galaxy, the distance to its center, and the 
integrated magnitude of the Galaxy therefore remained as before. The only 
exception was the distance to the rim of the Galaxy, which was usually 
determined from the farthest long- period cepheids in the direction of the 
anticenter. This distance was also doubled. 

With the revision of the luminosities and the diameters of the nearest 
galaxies, without changing the luminosity and size of our Galaxy, the 
Galaxy ceased to be a unique object. It nevertheless remains one of the 
giant galaxies. 

Sandage's recent study (1958) shows that certain additional radical 
changes should be introduced in the old scale of extragalactic distances. 
First, proceeding from Haro's result (1 956), which points to substantial 
dispersion of the cepheids about the period—luminosity curve, Sandage 
determined the distance moduli of the nearest galaxies from novae: 


Large Magellanic Cloud (LMC) ae 
Small Magellanic Cloud (SMC) tere 
NGC 224 24.6 
NGC 598 24.5 
NGC 6822 24.1 


Comparison of these results with Table 2 shows that the distance modulus 
increased on the average by 2.2, and not by 1".5 as in Baade's work. This 
indicates that according to Sandage the old distances of the nearest galaxies 
should be multiplied by a factor of 2.75, and not 2 as in Baade's results. 

Further Sandage noted that the average magnitude of the brightest stars 
depends on the type of the galaxy. This follow from Table 8, which lists 
the brightest stars of the nearest galaxies. 


TABLE 8 
Star Spectrum System Mpg 
N12 VI Cyg Bb5 The Galaxy — uy 
§ Sco Bt la " — 4 4 
B Ori Bs la " = Ss 
HDE 2an7zu B2 Ia LMC — 4 ON 
HDL 2697381 BY Ja " — 9 oh 
WD 3ss7y A2 la " — iol 
ID 753 AU la SMC — ss oS 
IID GS84 BY ta a —&§& 2 
Average absolute magnitude of ie 224 = : . 
7 GG As —-s 
some of the brightest stars NCU 6822 _ 8 3 
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Indeed, the average magnitude of the three brightest stars in LMC is 
0".5 higher than in the Galaxy and 1”.0 higher than in the SMC. 

Sandage's main contribution was his showing that luminous condensations of 
H Ilin the distant galaxies can often be mistaken for bright stars. These HII 
condensations have a much higher luminosity that the brightest stars, so 
that the distances of the galaxies may come out too low. Sandage photo- 
graphed NGC 4321 (M100) on the 200-in. telescope using various filters, and 
was thus able to differentiate between the brightest stars and HII condensa- 
tions. The apparent magnitudes of these objects were found to be 20.8 
and 19".0, respectively. Hubble had originally used a much weaker 
telescope without any filters. He therefore mistook the HII condensations 
for the brightest stars and thus ended up with a distance modulus of the 
Virgo cluster which was 1".8 too low. 

In his comparison of the apparent magnitudes of the brightest stars with 
radial velocities of the galaxies, Hubble thus introduced a further error of 
1".8, in addition to the previous error of 2".2 associated with the zero 
point of the long-period cepheids. Sandage thus concluded that the distance 
modulus of the Virgo cluster in the old scale was too low by 4".0. Itis 
therefore not 26".7, as suggested by Hubble, but 30".7. This result was 
confirmed by Baum (1955), who compared the globular clusters in NGC 224 
and NGC 4486 (M87) in the Virgo cluster. Baum found that the distance 
moduli of the two galaxies differed by 6".0. 

If the distance modulus on the old scale is too low by 4.0, Hubble's 
constant is too high by a factor of 6—7. The true value of // should be 
75—90km/sec/Mpc. In view of the considerable dispersion of the Jumi- 
nosities of the brightest stars in the galaxies (Table 8), Sandage gives a 
more cautious result, 4 = 50—100km/sec/Mpc. 

Humason, Morgan, and Mayall (1956) had previous obtained = 
= 180km/sec/Mpc from their data on the red shift of the galaxies, using 
the revised zero point of the period—luminosity curve for the long-period 
cepheids. Hubble's first determination of // in the old scale of distances 
gave 540km/sec/Mpc. 

The revision of the scale of extragalactic distances can be briefly 
summarized as follow: to obtain the correct distances, the distances of all 
the galaxies with m—AIf less than 26” on the old scale should be multiplied 
by 2—2.5, and the distance of all galaxies with m—JM/ greater than 26” on 
the old scale should be multiplied by 6—7. 

To avoid confusion, it is always desirable to indicate the actual scale 
of distances, wheteher the old scale (Hubble's scale), Baade's scale, or 
Sandage's revised scale. 

§ 184. Rotation of galaxies. If a galaxy rotates about an axis which is not 
parallel to the line of sight, one of the two parts of the apparent ellipse 
cut by the projection of the spin axis approaches the observer (relative to 
the center of inertia of the galaxy), while the other part recedes from the 
observer (again relative to the center of inertia). Thus, different points 
of the galaxy have different radial velocities in virtue of its rotation. 

When the spectrograph slit is projected onto the major radius of the 
apparent ellipse of a rotating galaxy, it defines a strip with a nonzero 
gradient of radial velocities, so that the spectral lines will be inclined. 

A spectrogram of this kind was first obtained by Slipher in 1914, and 
the inclination of the spectral lines was correctly interpreted by him as 
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the result of rotation. The rotation of other galaxies thus had been discovered 
long before we established the rotation of our star system. 

Only the central parts of galaxies have sufficient surface brightness to 
produce lines on a spectrogram. The inclination of the spectral lines 
therefore provides an indication of the rotation of the interior regions of 
galaxies. 

Rotation data are currently available for more than 30 spiral and 
elliptical galaxies. Most of these data were obtained by Mayall. 

All the spectrograms show inclined lines, but the lines are invariably 
straight. Lack of curvature of the spectral lines shows that the galactic 
nuclei rotate as a rigid body. In rigid-body rotation the radial velocity 
(relative to the center of inertia) of each point along the major radius of the 
apparent ellipse is proprotional to the distance from the center of the 
ellipse, so that in an inclined spectral line the deflection of each point is 
proportional to the distance from the spectrogram midline. 

If the inclination » of the spectral line is known, we can easily calculate 
the change in radial velocity per minute of arc along the major radius of 
the galaxy (given the spectrograph dispersion a in mm per km/sec and the 
scale of the spectrogram 6 along the line in mm per min of arc): 


5 
k=— tg. (22) 


Let i be the inclination of the spin axis totheline of sight. Then Sing Gives 


the change in the linear rotation velocity in km/sec per minute of arc, and 


k 3438 
sing or (23) 
is the change in the linear velocity of rotation as we move a distance of 1 pc 
from the center of the galaxy. Here ris in parsecs, and 3438 is the 
number of minutes in 1 radian. ‘ 
To obtain the rotation period of the nucleus, we divide 2x- 3.08-10 ; 
by (23): 


T =5.63- 100 seconds. (24) 


According to Eq. (10), the inclination i can be determined if the true 
sphericity, as well as the apparent sphericity n, are known. For elliptical 
galaxies the true sphericity is not known and we can only determine the 
probable value of i, seeing that the true sphericity of E galaxies is at 
least 0.3 and at most equal to the apparent sphericity. For spiral galaxies, 
the true sphericity § is negligible, and we may take sin (=n. 

Mayall's spectrograms (1948) show lines with inclinations of up to 5°.4 
(probable error 0°.4). The least rotation periods were found to be 2.8- 10° 
years for NGC 411 (SO), 6.4-10° years for NGC 2683 (Sc), 8.8- 10° years 
for NGC 3115 (E7), 10°10° years for NGC 3031 (Sb); for NGC 3556 (Sc) and 
NGC 5055 (Sb) the rotation period of the inner parts is 70° 10° years and 
for NGC 7640 (SBc) and NGC 4559 (Sc) the inclination of the spectral lines 
is so small that the period cannot be measured with any reliability; it is, 
however, definitely greater than 400- 108 years. (Mayall's original data 
were adjusted in accordance with the new scale of distances.) No correlation 
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was observed between the rotation period of the central parts and the 
absolute magnitude of the galaxies, although there is a slight dependence 
between the rotation period and the type of the galaxy. The average rotation 
period somewhat increases on passing to later types. 

For the two nearest spiral galaxies — NGC 224 and NGC 598 — data are 
available on the rotation of fairly distant peripheral regions. For NGC 224, 
the measurements were carried out by Babcock (1939), who obtained 
spectrograms for different parts of the main body of this bright galaxy. 
NGC 598 (Sc) contains numerous bright condensations whose radial velocities 
are conveniently measured from their sharp spectral lines. Mayall and 
Aller (1 942) measured the radial velocities of 25 condensations of this type 
in different parts of NGC 598, including the spiralarms. Since these 
individual objects also have certain residual velocities, besides their 
centroid velocity, the measurements were averaged and the results gave 
the variation of the linear velocity with distance from the center. 

Figure 212 which plots the linear rotation velocity of NGC 598 shows that 
the central part of NGC 598 (about 15') rotates as a rigid body. Outside 
this core, however, the linear velocity at first increases at a reduced rate 
and then actually decreases away from the center. The period of rotation 
of the core of NGC 598 is 120 million years, whereas the peripheral regions 
rotate with a period of 400 million years. 


oa 400 G00 li00— «W600 L000 R, pc 
FIGURE 212 


The nucleus of NGC 224 rotates with a period of 22 million years, the 
main central core has a period of 180 million years, and according to 
Humason a gaseous nebula distant 114' from the center of this galaxy rotates 
with a period of about 400 million years. 

In 1957 van de Hulst, Raimond and van Woerden measured the radial 
velocities of neutral hydrogen at various points of NGC 224 and obtained 
the dependence of the rotation velocity on the angular distance from the 
center (Table 9). 

The determination of the sense of rotation of spiral galaxies in relation 
to their spiral arms is a very difficult problem. Radial velocity observa- 
tions show which half of the galaxy approaches the observer and which 
recedes. If iis large and the spiral galaxy is viewed almost edge on (but 
not exactly edge on), the distribution of dark matter in the galaxy provides 
and indication which of the twohalves is closer to the observer. The spatial 
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sense of rotation is then determined without difficulty. For large inclina- 

tions, however, the spiral arms are not visible. If on the other hand / is 

small, the spiral arms are excellently visible, but in this case the distri- 
bution of dark matter in the galaxy does not 
show which of the two parts is nearer. The 


PARLE? spatial sense of rotation cannot be determined 
Rotation | Rotation and it thus cannot be compared with the 
a paupeed | a Lael observed configuration of the spiral arms. 
: It is clear, however, that whatever the 

0" 0 60" 263 exact origin of the spiral arms, they should 
coe oe . mo always assume the same orientation relative 
22',5 24t 105 235 to the galactic spin. Either the spiral arms 
et! Come las a in all the galaxies trail (coiling up) or lead 

45! 275 ff 150 224 (unwinding). 


This problem has been repeatedly dis- 
cussed. The trailing school was represented 
by Hubble, Holmberg, Vaucouleurs, Irwin, 
Fricke, Arp, and others. The unwinding hypothesis was advocated by 
Lindblad (who also proposed a theory of the origin of spiral arms which 
requires their outward winding) and co-workers and by Baade. 

Generally the problem is to determine the configuration of spiral arms 
in galaxies with an inclination of 60—75° on the one hand and to establish 
which part is nearer from the distribution of dark matter. It is also 
necessary to determine which part of the galaxy approaches the observer 
(from the inclination of the spectral lines). 


FIGURE 213 


The trailing hypothesis is gradually gaining universal acceptance. As 
an example, consider the photograph of NGC 7331 (Figure 213), discussed 
by Vaucouleurs. Thedistribution of dark matter shows that the lower part 
of the ellipse is nearer, and the top part is farther. A study of the elements 
of the spiral arms, especially their tips on the right and the left, shows 
that the spiral arms in the photograpn are directed counterclockwise. 
Finally the spectrogram shows that the right part of the galaxy in the 
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photograph approaches the observer and the left half recedes from the 
observer (clockwise rotation), Collation of these data indicates that we 
have here a case of trailing arms. 

§ 185. Determination of galactic masses from rotation. Rotation data 
enable us to estimate another important characteristic, the mass of the 
galaxies. 

First let us consider how to estimate the mass of the nucleus. Obser- 
vations of galaxies viewed edge on show that the nuclei are not entirely 
flat: these are objects of fairly pronounced sphericity. Hence it follows 
that the residual velocities of stars in the nucleus are large and the 
velocity of an object moving in a circular orbit in the plane of symmetry 
of the nucleus is substantially greater than the centroid velocity at the 
Same point. Direct determination of the circular velocity for purposes of 
mass determination from the observed centroid velocity is therefore not 
an easy task. 

The problem should be approached differently. Assuming rigid-body 
rotation (as the observations indicate), we will consider the galaxies to 
approximation as homogeneous flattened ellipsoids of revolution ina 
global quasistationary state. Then, from the theory of rotating quasista- 
tionary systems (Agekyan, 1958), we have 


ra (25) 


x= 
where Q is the angular momentum of the nucleus, M is its mass, Ais the 
major radius of the nucleus, and x is related to the sphericity g of the 
nucleus by the equalities 


1+2 a 


arcigl— = ) >; l=Vg?-1. (26) 
Since for a homogeneous ellipsoid of revolution 
Q=2 RM, (27) 


where w is the angular velocity of the nucleus, we have from (25) for the 
mass 


2Rw? 
we 3Gx (28) 
and the density : > 
_ w — 2x 
O InGug — CxgT? - (29) 


The density of the nucleus is thus directly recoverable from the angular 
velocity and the flattening. 

Table 10 lists the values of g and x for various eccentricities of the 
meridional sections of the ellipsoid of revolution 

Mayall's rotation periods for galactic nuclei lie between 3° 10° to 
70-10° years. The observed sphericities of the nuclei range from 0.4 to 
0.7. Taking from Table 10 the coEreeuonine: values of x, we find from (29) 
that the density of the galactic nuclei is 10 10° 725 /em?. This is on the 
average three orders of magnitude higher than the average density of 
matter near the Sun, i.e., at the periphery of our Galaxy. 
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TABLE 10 


0.0 1.000 0.000 | 0.96 0.280 0.7714 
0.4 0.917 0.048 0.98 0.199 0.950 
0.6 0.800 0.126 0.99 0.141 1.10 
0.8 0.600 0.303 0.995 0.101 1.24 

0.9 0.436 0.506 1.000 0.000 nf/2 

0.94 0.341 0.656 


A method for the determination of the density in the peripheral regions 
of galaxies, where differential rotation prevails, was developed by Wyse 
and Mayall (1945). The galaxy is approximated by an assembly of 
infinitesimally thin circular disks (the central bulge is ignored when the 
outer reaches are considered). 

Let o be the surface density of a homogeneous disk, rits radius. From 
the potential theory we known that the potential of this disk per unit mass 
at an interior point distant @ from the center in the plane of the disk is 
given by 


® = 4GrLo, (30) 


and the potential per unit mass at an exterior point (9 >, )is 


@ =4Gr [pU—-K)+kK]o, (31) 
where 
x 4 
¢ dg 2 in? p dq 
| eee = sin 
aa aadae \ =e 


are elliptical integrals of 1st and 2nd kind, whose modulus k is equal to 2 for 
interior points and . for exterior points. 


Differentiation of (30) and (31) with respect to 9, gives an expression 
for the attractive force per unit mass: 


F,=—+G(K—L)o (interior), (32) 


F,=—4G(K—L)o (exterior). (33) 


The minus sign indicates that the attractive force is directed to the center. 
In what follows this direction will be taken as positive, and the minus sign 
can be dropped. 

Since the density in galaxies is a function of the distance from the center, 
any point in the plane of the galaxy is attracted by a multiplicity of concentric 
coplanar disks of equal surface density do and different radii r. 

Since the attractive force due to one disk for an interior point is 


dF, =48 (kK —L) do (34) 
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and for an exterior point 
dF, =4G(K —L) do, (35) 


the total force due to the multiplicity of infinitesimally thin disks on a unit 
mass distant e from the center is given by the sum of the integrals of these 
expressions: 


% 


op 
F.= “2 (K—L)on+4G \ (KL) do+46 \ (K—L) do, (36) 


on op 


where og is the density at the rim of the galactic disk (-=R), opis the density 
at the particular point, and o, is the density at the center of the galaxy. 
The first term in Eq. (36) is the attraction of a homogeneous disk of density 
On and radius AR, the second term is the resultant attraction of disks with 
radii greater than ge, and the third term is the resultant attraction of disks 
with radii smaller than g. 

The density op at the rim of the galaxy is zero, and the first term in (36) 
can be dropped. 

The sought quantity is the density. To solve Eq. (36), Wyse and Mayall 


represented the density as a polynomial in a 


BACH) sn 


and the problem reduces to the determination of the coefficients of this 
polynomial. 
Seeing that op = 0, we get 


34, =0. (38) 
Further, differentiation of (37) gives 
do= 3) ia(e) %. (39) 
Inserting (39) in (36) we get 
F,=46 \ pK) iA, ($)° 2+ 4@§ (1) 3 iA, (+) s 
i=1 ° i=1 


In the first integral k= & and in the second k=. Changing over to an 


integration variable & in each of these integrals and putting =a, we find 


F,=4G 2 A,B, (2), (40) 
where 
1 4 
B, (a) = iat [ ( k-G+9 (K—L) dk + \ ke*(K—L) ak]. (41) 
: 3 
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The functions 8, (a) can be tabulated. Wyse and Mayall tabulated the first 
five of these functions (Table 11). 


TABLE 11 

a | By (a) | Be (a) | By (a) | Big (a) | Bs (a) 
0.00 0.000 0.000 0.000 0.000 0.000 
0.05 0.152 0.078 0.059 0.053 0.049 
0.10 0.250 0.156 0.120 0.106 0.099 
0.15 0.327 0.234 0.183 0.164 0.150 
0.20 0.391 0.309 0.249 0 249 0.203 
0.30 0.488 0.455 0.389 0.344 0.317 
0.40 9.556 0.589 0.537 0.486 0.450 
0,50 0.600 0 707 0.689 0.646 0.605 
0.60 0.622 0.804 0.837 0.819 0.787 
0 7 0.622 1.871 0.967 0.994 0.989 
a 80 0.598 0,896 1.057 1.143 1.187 
0.90 0544 0.859 1.066 4.214 1.314 
0,95 0.497 0.800 1 012 4.472 1.297 
1.00 0 446 0). 667 0.843 0.978 41.086 


Now, writing Eq. (40) for various 2, we obtain aredundant system from 
which the coefficients 4A,, A,, ....A, can be determined. The sought function 
o is then given by (37). 

Wyse and Mayall applied their method to determine the variation of 
density in NGC 224 and NGC 598, for which the circular velocity is known 
as a function of distance from the center. 

In NGC 224, the surface density in the nucleus raches 1500 M,/pc?, 
whereas at a distance of 4000pc and 12,000pc from the center, the density 
falls to 400 M,/pc” and 10 M,/pc”, respectively. 

To estimate the mass of the entire galaxy, o shouldbe integrated over the 


whole disk: 


R n K n 
Mf = 20 ord =2n >) ai Selden > 7h , (42) 
0 imf i=1 


This equation gives 9.5- 10’ M, for the mass of NGC 224, which is slightly 
greater than the mass of the Galaxy. The mass of NGC 598 is substantially 


less, 2.0-10°M,. 
If we know the rotation velocity of regions which lie fairly far from the 
core of the galaxy, we approximately have for these peripheral parts 


VB, 9 


which corresponds to attraction by a point mass. The inverse conclusion 
is also true: if starting at a certain distance the linear rotation velocity 

is inversely proportional to the square root of the distance from the center, 
the bulk of the galaxy is confined within the corresponding radius and can 


be simply found from Ea. (43), i.e., 
vr : (44) 
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The part of the v vs. r curve beyond the point where (43) is satisfied 
is called the Kepler branch; for NGC 598, for example, the Kepler branch 
of the curve begins approximately beyond 1400pc. 

Application of Eq. (44) to the bright object at a distance of 13.5 kpc from 
the center of NGC 224 gave 9.7: 10° M-:,for the mass of NGC 224, which is 
in excellent agreement with the result obtained by Mayall and Aller's 
method. 

§ 186. The Magellanic Clouds and the Andromeda Nebula. The Large and 
the Small Magellanic Clouds (LMC and SMC) are our nearest extragalactic 
neighbors (Figure 214). Their distance from the Galaxy is one third the 
distance of the next nearest galaxy, that in Sculptor, and one tenth of the 
distance of the nearest spiral galaxies NGC 224 and NGC 598. This 
explains the great significance of the Magellanic Clouds, since their 
proximity makes it possible to identify and study individual high-luminosity 
stars and other objects through moderate telescopes. Weak objects, which 
are so far inaccessible to observations in other star systems, are resolved 
by the large telescopes in the Magellanic Clouds. Certain objects are 
actually easier to observe in the Magellanic Clouds than in our Galaxy, 
since comparison of physical characteristics of different specimens is 
facilitated by the constancy (not perfect, of course) of their distances and 
the constancy (again not perfect) of absorption. The Magellanic Clouds, 
however, are exceptionally interesting galaxies in their own right, 
vecause of the great variety and richness of their stellar population. 


FIGURE 214 


The first European to describe the Magellanic Clouds was Magellan's 
companion, Pifagetta. John Herschel observed the Clouds in the 1830's 
in South Africa. In 1867 Abbé first suggested that the Magellanic Clouds 
were two near galaxies. In 1910 Miss Leavitt, while studying the 
variable stars in the LMC, discovered the period—luminosity relation of 
cepheids, which since then has become anindispensable tool of galactic and 
extragalactic research. 
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The position of the Magellanic Clouds in the Southern Hemisphere 
interfered with the detailed study of these galaxies, since there are but few 
observatories in the South. Recently the new Southern observatories have 
devoted considerable efforts to rectify the earlier omission. 

According to John Herschel, LMC measures 7 x 6°, and SMC 3°.5 x 2°.5. 
The separation between their centers is 21°. Long-exposure photographs 
taken with high-speed instruments and star counts give substantially larger 
dimensions. 

Vaucouleurs (1955) counted the stars up to 147.0 in LMC. These are 
supergiants with absolute magnitudes of —4”.7 and brighter. They occupy 
a region measuring 12° x 12°, and half of the 4700 stars of this group are 
concentrated within a circle of radius 5°. 

In the Small Magellanic Cloud, the stars up to 14".3 and up to 16”.0 were 
counted. There were 500 stars up to 14".3 (“< —4”.4) within an area of 
9° x 4°, half of which fell inside a circle of radius 1°.2. Stars of up to 
16".0 (M< ~—2™.7) numbered about 10,000. 

The Magellanic Clouds are the only extragalactic nebulae where the 
short-period RR Lyrae stars can actually be compared with long-period 
cepheids, novae, globular clusters, and other objects used in distance 
determination. The Magellanic Clouds thus actually fix the scale of extra- 
galactic distances. 

Table 12 lists the distance moduli of the Magellanic Clouds obtained by 
Vaucouleurs for various groups of constituent objects. 


TABLE 12 


Method 


Lo. g-period cepheids........ 18™.85 
Long-period cepheids with 

P~S days... ce cee eee nee 
RR Lyrae stars... eee ee eee ee 
Bright stars in globular clusters. . 
Integrated magnitudes of 

globular clusters,......... 
Novae at the maximum ...... 
Novae 15 days after the 


Weighted average ,.....+..- +712 40,12 7540.09 


We see that the distances obtained for various groups of objects show 
a good fit, and the mean error of the distance modulus is not large. The 
distance moduli should be corrected for absorption of light in the 
Magellanic Clouds and in the Galaxy. The absorption correction is esti- 
mated at 0”.45, and for the two Magellanic Clouds we thus have 


m,—M =18.3 +04, (45) 


where the error of the absorption correction has not been included in the 
mean error. 

The distance modulus (45) corresponds to the new scale of extragalactic 
distances. It gives a distance of 46kpc, i.e., approximately twice the 
distance given in Table 1, where the old scale was used. 
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Vaucouleurs obtained a new estimate of the integrated brightness of the 
Magellanic Clouds, allowing for the peripheral regions as well. He 
measured the surface brightness of 621 areas covering a total of 288 sq. 
degrees in LMC and 252 areas covering 53 sq.degrees in SMC. The 
isophotes were plotted to bring out the shape of the galaxies and the inte- 
grated apparent magnitude was determined. The absolute magnitude was then 
easily calculated using the distance modulus 18”.3 (Table 13). 


TABLE 13 


Magellanic 
louds 


mp | Mp | Mp —™My 


My My Luminous 
area 


small 40.75 | 0.30 | +0.45 —17.55 | —48.00 | 200 sg.deg = 
Large 42.70 | +2.40 | +0.30 15.60 —15.90 25 _ $9. deg, = 
=16 kpc 


Thus the apparent magnitude of the Magellanic Clouds listed in Tables 1 
and 3 is substantially higher than the true magnitude, since the tables only 
give the integrated apparent magnitude of the central part of these 
galaxies. Particularly pronounced are the differences in the absolute 
stellar magnitudes of the Magellanic Clouds in Table 13 and 3, since the 
apparent magnitude correction and the scale correction reinforce one 
another. 

Vaucouleurs gives 20°x 20° for the angular size of the LMC and 9°x 4° 
for the SMC. This corresponds to linear dimensions of 15x 15kpc and 
6x 3kpc. 

The maximum surface brightness in the central parts of the LMC was 
found to be 20.53 stellar magnitudes per sq. second, and in the SMC 21.10 
stellar magnitudes per sq. second. 

From an examination of the isophotes of the Magellanic Clouds and the 
distribution of stars in these galaxies, Vaucouleurs identified traces 
of spiral structure. He also concluded that the two galaxies were rela- 
tively highly flattened. This is clearly an indication of their rotation. The 
equatorial plane of the LMC makes an angle of 65° with the line of sight, 
and that of SMC 30°. The Small Magellanic Cloud is thus viewed almost 
edge on. 

The galaxies NGC 55, NGC 4618, and NGC 4625 are similar to the 
Magellanic Clouds in their appearance. Galaxies of this type, classified 
as III or (in Vaucouleurs's classification) Sm, occur either in pairs or 
jointly with a galaxy of some other type, generally a spiral. 

The distance of the Magellanic Clouds from the Galaxy is only three 
times the diameter of the LMC and less thandouble the diameter of the 
Galaxy. There is thus a definite possibility of interaction between our star 
system and the Magellanic Clouds. John Herschel was the first to point out 
that the Milky Way and the LMC are joined by a lane of matter. 
Vaucouleurs noted that the isophotes of the Milky Way constructed by 
Pannekoek and Koelbloed show a kind of a luminous prominence in the direc- 
tion of LMC at galactic longitude 230. LMC in its turn has a sort of a 
spiral branch which extends away from the Galaxy, so that it should also 
have a similar branch extending toward the Galaxy. The Large Magellanic 
Cloud and the Galaxy are thus probably linked by a bar. 
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In terms of stellar composition, LMC and SMC are galaxies with 
prevalence of Population I stars. SMC also has a substantial number of 
Population II stars, whereas their proportion in LMC is negligible. This 
difference is consistent with the much higher content of dust matter in 
LMC than in SMC. Shapley (1942) showed that the number of distant galaxies 
which show through the LMC is less than the usual number of galaxies, 
reaching the normal average only at a distance of 4— 6° from the geometrical 
center of the Cloud. Hence the conclusion that LMC contains dark absorbing 
matter in large quantities. The number of distant galaxies showing through 
SMC is equal to the normal average. 

The Large Magellanic Cloud contains an abundance of remarkable 
specimens of Population I stars, and in this respect is it clearly superior 
even to the spiral arms of our Galaxy. In LMC there are great numbers 
of blue supergiants, including three stars with absolute magnitude less than 
-9" and one star (S Dor) with absolute magnitude less than —10". There 
are also red supergiants. Five of these have visual absolute magnitudes 
close to —9" and spectral types KO— M0 (Feast and Thackeray, 1956). 
According to these authors, the list of the brightest stars in the Magellanic 
Clouds apparently includes all the blue stars, bu: it is far from being 
complete in regard to red stars, since it is extremely difficult to establish 
what red stars actually belong to the Magellanic Clouds. Among the large 
gaseous nebulae we should mention 30 Dor, whic greatly exceeds in size 
and luminosity the gaseous nebulae in the Galaxy. Its absolute magnitude 
is approximately ~—15", i.e., its luminosity is greater than that of some 
galaxies; its diameter is about 200pc. 

Kerr and Hindman (1953) used a 9-m radio telescope to study the neutral 
hydrogen emission at 21cm from the Magellanic Clouds. They determined 
the intensity and the average wavelength at more than 200 points. The 
average wavelength gives the radial velocity. The radio isophotes of LMC 
turned to be close to the optical isophotes, but in SMC the radio isophotes 
revealed an extensive hydrogen atmosphere, of much higher intensity and 
extent that anything suggested by the optical observations. The analysis of 
radio isophotes gave 6° 10° Mg for the mass of hydrogen in LMC and 
4-10 Msfor that in SMC. The density of hydrogen in the central regions 
of LMC and SMC is about 1 atom /cm’, which is approximately equal to the 
density of hydrogen in the spiral arms of the Galaxy. 

The radio wavelengths give + 280km/sec for the radial velocity of LMC 
as a whole and 160km/sec for that of SMC as a whole. These velocities 
show a good fit with the radial velocities obtained by optical methods for 
the hydrogen nebulae. This fit primarily establishes the accuracy of the 
measurements and also confirms the applicability of the Doppler law to all 
wavelengths of the electromagnetic spectrum. The measured velocity 
incorporates the velocity of the Sun in the Galaxy. Radio estimates give 
220km/sec for the latter, and it points almost directly away from the 
Magellanic Clouds. Correcting for this velocity, we obtain + 82km/sec for 
the velocity of LMC relative to the Galaxy. The corresponding velocity of 
SMC is +18km/sec. 

Measurements of the neutral hydrogen wavelengths at different parts of 
the Magellanic Clouds enabled Kerr and Vaucouleurs (1956) to determine 
the rotation of LMC. The curve of linear velocity vs. distance from the 
center is reminiscent of the analogous curves for other galaxies. The mass 
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of LMC estimated from rotation data is (4—5)-10°M >. The mass of SMC 
is more difficult to estimate. Kerr and Vaucouleurs suggest that it is one 
third of the LMC mass. 

The radio emission of the ionized hydrogen from Magellanic Clouds at 
3.5m wavelength was studied by Mills. The intensity of this radiation is 
small over most of the area occupied by these star systems, and it cannot 
be separated from the 3.5m emission of the Galaxy. In those regions 
where the two sources of this radiation can be separated, no correlation is 
found between the radio intensity and the optical surface brightness. The 
only exception is the area of 30 Dor, where a sharp radio peak is observed. 


FIGURE 215 


The spiral galaxy in Andromeda NGC 224 (M31) is the brightest galaxy 
in the Northern Sky (Figure 215). It is described as Hubble's type Sb and 
Morgan's type kS5. Its distance modulus is 23".9 (the new scale), and 
correction for light absorption gives 23".3. This corresponds to a distance 
of 460kpc. NGC 224 has a large bright nucleus with marked central 
concentration. The nucleus dimensions according to Danver (1942) are 
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9'x 7', which corresponds to linear dimensions of 1200x 900pc. The 
angular dimensions of the entire galaxy, measured by Hubble on a photo- 
graph, are 160'x 40', i.e., 20x Skpc. In 1934 Stebbins and Whitford 
determined the limits of NGC 224 photoelectrically and obtained 450'x 110! 
for the angular dimensions, so that the linear dimensions are substantially 
greater than those of the Galaxy (60x 15kpc). It seems, however, that 

the high-sensitivity photoelectric method fixes the outermost reaches of 
NGC 224, the equivalent of which in the Galaxy cannot be registered by 
measuring the distances of high-lumimosity objects in the direction of the 
anticenter. The actual size of NGC 224 is apparently not much greater than 
the size of the Galaxy. This conclusion also follows from a comparison of 
the integrated magnitudes. The absolute magnitude of NGC 224 is -19”.6. 
The Galaxy approximately has the same absolute magnitude. Note, however, 
that the integrated apparent magnitude of NGC 224 was determined over a 
smaller region than that outlined by Stebbins and Whitford, so that the 
resulting luminosity is too low. On the whole it seems that NGC 224 some- 
what exceeds the Galaxy both in terms of luminosity and size, while both 
these systems are classified as giants. 

The spin axis of NGC 224 makes an angle of some 75° to the line of sight, 
so that it is viewed almost edge on. Nevertheless, the 75° angle is not 
large enough for the dark matter lying in the principal plane of the galaxy 
to show as a black dust lane. The dust collected into isolated clouds and 
groups of clouds shows in the form of dark patches in the spiral arms. The 
spiral arms are moderately developed, they closely hug the nucleus and 
have certain features which appear to point to traces of ring 
structure. This impression, however, may be due to the edge-on attitude 
of NGC 224. 

According to the general rule for spiral galaxies, the nucleus of NGC 224 
is redder than the galaxy as a whole, and the spiral arms are bluer. The 
brightest objects in the nucleus are the red supergiants with absolute 
magnitude of —3".0. The Hetzsprung— Russell diagram of the nucleus is 
reminiscent of the diagram of globular clusters. In the spiral arms the 
brightest starsare the blue supergiants with absolute magnitudes around 
-8". However, in terms of relative abundance of the blue supergiants, 
NGC 224 is inferior both to LMC and the Galaxy. 

In 1955 Baade and Sweeny studied with the 100-in. telescope the distri- 
bution of variable stars in NGC 224 in three areas, distant 15' (I), 35! (II), 
and 50! (III) from the nucleus. The count of variable stars up to 22”.8 in 
these areas gave 150, 205, and 360, respectively. Table 14 lists the 
frequency of different types of variables in two of these areas. 


TABLE 14 


Variables 


Long-period cepheids..... 


Eclipsing variables ,..... 9 
Irregular variables. ...... 6 
Long-period variables. .... 1 
NOVa€, .. ee eee ee eens 0 
Unidentified .......... 14 
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We see that novae explode mainly in the part of the spiral arms adjoining 
the nucleus, where the number of irregular variables is also relatively 
high. Long-period cepheids, on the other hand, are concentrated mainly in 
the outer region of the spiral arms. 

Arp (1956) carried out a detailed study of novae in NGC 224. During 
290 nights spread over a year and a half he took some 1000 photographs 
through the 60-in. reflector covering an area of 1°x 3° along the major axis 
of NGC 224. He detected 30 novae with apparent maximum magnitudes 
between 15".8 and 18".2. The yearly frequency of novae in the entire 
galaxy was correspondingly estimates as 26+ 4. 

Using the 200-in. telescope and 60—80min exposures, Baade photo- 
graphed five planetary nebulae in NGC 224 with apparent magnitudes from 
21™.7 to 22™.2. 

NGC 224 contains 140 globular clusters. 


TABLE 15 
In the new scale of extragalactic distances, 
a | 100 N | a 100N their absolute magnitudes and diameters are 
—_— OO comparable with those of the globular clusters 
oO’ 38 90° 5 in the Galaxy. 
a : ine ne Hiltner (1958) investigated the polarization 
45 7.5 135 0 of light from 21 of these globular clusters. 
a ag ae ts 15 The four globular clusters with the most 
reliable polarization measurements show that 


the electric field vector in NGC 224, like that 
in the Galaxy, is roughly parallel to the 
principal plane of the star system. 

NGC 224 is surrounded by four elliptical galaxies, two near (NGC 221 
and NGC 205), and the other two, NGC 147 and NGC 185, somewhat more 
distant. The luminosities of these galaxies are substantially less than the 
luminosity of NGC 224. Their mass is apparently also smaller; these 
elliptical galaxies may therefore be treated as satellites of NGC 224. 

Van de Hulst, Raimond, and van Woerden (1957) investigated the distri- 
bution of the 21-cm radiation from NGC 224 and determined the density of 
neutral hydrogen as a function of the angular distance irom the center 
(Table 15). In the table, the dimensions of N are cm™?:kpc, so that in 
order to obtain the surface density per cm” W should be multiplied 
by 3.08-107), 

The distribution of hydrogen in NGC 224 is not unlike that in the Galaxy. 
The total mass of neutral hydrogen in NGC 224 is about 2.5: 10° solar masses. 


Intensity (rel. un.) 


FIGURE 216 
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Baldwin (1 954) measured the intensity of 3.7-m radio emission of 
NGC 224 along various radii of the apparent ellipse. The resulting curve 
of relative intensities in optical and radio waves along a radius very close 
to the minor axis of the apparent ellipse (Figure 216) shows that the radio 
intensity falls off at a much slower rate than the optical radiation does. 
The radio image of NGC 224 in this direction thus extends much farther out. 
It thus follows that the radio sources constitute a spherical subsystem. A 
similar result was obtained by Brown and Hazard (1951). In 1952 
Shklovskii studied the distribution of radio intensity in our Galaxy and 
established that it was surrounded by a quasispherical radio corona. This 
result for our Galaxy is consistent with the observations of NGC 224. 

§ 187. Apparent distribution of galaxies. In 1932 Shapley and Ames 
published a catalogue of all galaxies up to 13.4 over the entire sky. It 
listed 1249 galaxies, and comprehensiveness was guaranteed up to 12”.6. 
In addition to photographic magnitude and equatorial and galactic coor- 
dinates, the catalogue gives the angular diameter and the type of each 
galaxy. 

At about the same time Shapley and co-workers launched an enormous 
project involving counts of galaxies up to 18" in areas covering the entire 
sky. This project has not been completed yet, but parts have already been 
published. For instance, counts of galaxies according to magnitudes in 
2175 areas covering the part of the sky with 6< -60° were published in 1937. 

In 1934 Hubble published counts of galaxies up to 20™in 1283 areas 
from photographs taken through the 60-in. and 100-in. Mount Wilson 
reflectors. Of these areas, 760 were uniformly distributed over the part 
of the sky with 6>-—30°, and the remaining areas were selected in various 
critical locations (also in the region 6>-30°). Hubble's counts show that 
the number of galaxies N(m) up to a given magnitude m in 1 sq. degree of the 
sky is described by the equality 


Ig N (m) =0.6m—9.12. (46) 


In the derivation cof Eq. (46), Hubble introduced a correction for the red 
shift in the galactic spectra. This correction is absolutely essential, since 
the red shift displaces the intensity peak of the galaxies from the yellow 
region (average spectral type G) to the red region, where the photographic 
plates are little sensitive. The photographic magnitudes of rapidly 
receding, i.e., distant and weak galaxies are additionally increased. 

The coefficient 0.6 before m shows (see §116) that up to distances 
corresponding to the mean distance of galaxies of apparent magnitude 20, 
the galaxies on the average are uniformly distributed in space and light 
absorption is insignificant. 

Hubble's result was considered for a long time as an indication of the 
uniform distribution of galaxies throughout the Universe. However, as we 
have seen in §116, Seeliger's inverse theorem is not true. Galaxies may 
collect into groups and clusters, and these may combine into higher-order 
clusters, and Eq. (46) will nevertheless remain valid on the average. As 
we shall see, this is indeed the case. The insignificant absorption of light 
over distances corresponding to the average distance of the 20-mag 
galaxies, on the other hand, is a fairly certain fact. 

Another important conclusion of Hubble was that the number of galaxies 
per unit sky area on the average regularly decreases toward the galactic 
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equator, and virtually no galaxies are visible at the galactic equator. 

This observed effect, the opposite of galactic concentration, can hardly 
be regarded as a significant reflection of the true distribution of galaxies 
in space. It should rather be attributed to the absorption of light in the 
Galaxy. Indeed, if we take the density of dust matter to be only a function 
of the distance from the galactic plane and assume the Sun to lie in this 
plane, we obtain for the absorption of light from extragalactic objects by 
Eq. (52) of Chapter XVIII 


Am= \ a(z)dr= ( a (z) cosec b dz = cosec b-f, (47) 
0 0 


where 
B= ( a(z)dz (48) 
0 


is the absorption, in stellar magnitudes, in the direction of the galactic 
pole. 

Now, according to Eq. (15) of Chapter XVIII, assuming the conditions 
of Seeliger's theorem to hold true, we have 


N (m—Am) = N (m).1079-88™ (49) 


Since in the presence of absorption Am objects of magnitude (m—Am) are 
registered as objects of magnitude m, and the absorption is a function 
of b, we may write 


N (m—Am)=N,(m). 


Using (47) and extracting the logarithm, we get 
Ig N, (m) =1g N (m) — 0.6. B-cosec b. (50) 


Here N(m)is the number of galaxies up to m-th magnitude which would have 
been observed in the absence of light absorption. 

Hubble found that his counts of galaxies showed a good fit with Eq. (50) 
where f= 0".25 and lg V (20) = 2.115, without correction for the red shift. 

Note that Hubble's figure 0".25 for the absorption in the direction of the 
galactic poles is much too low. At the time of Hubble's work the 
absorbing medium was regarded as continuous and essentially homogeneous, 
with occasional isolated "coal sacks''— massive dark clouds — dispersed 
throughout. Hubble's aim was to check the absorption of the homogeneous 
medium, and he therefore selected areas presumably without any coal sacks. 
All areas with galaxy counts below the average were thus automatically 
disregarded. They accounted for 168 of the total number of 760 uniformly 
distributed sky areas. 

In the light of modern notions of the structure of interstellar medium, we 
realize that the 168 areas discredited by Hubble are directions characterized 
by positive fluctuations in the number of dark clouds intercepting the line 
of sight. Clearly, by omitting these areas from his analysis, Hubble 
obtained a low value of B. If all Hubble's areas are used, we get 6 = 
= 07.4584 0".015, lg NV (20) = 2.2364 0.021. The increase in N (20) is also 
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understandable: the absorption is higher than Hubble's figure, so that 
correcting for this absorption we end up with more numerous observed 
galaxies. The determination of B by a number of other authors using 
different observational material gave intermediate values: 


0".305 (Williams, 1934) 

0".31 (Oort, 1938) 

0".34 (Parenago, 1940) 
0”.23—0".40 (Markaryan, 1946) 
0",.34 (Vashakidze, 1953) 


Currently, Shane and Wirtanen are engaged on a large-scale project 
which calls for galaxy counts up to 18” in the entire part of the sky with 
é> —23° in areas of 1 sq.deg. Counts in individual areas covering millions 
of galaxies were already published for[12" <a<18%; -—20° .6<+20°] (1954) 
and [0" <u.. 6"; +20° «6<+60°] (1956). Herzog, Wild, and Zwicky are 
in the process of compiling a catalogue of coordinates and apparent 
magnitudes of galaxies up to 15".5 north of = —-30. This catalogue will 
eventually comprise some 35,000 galaxies. 

Comparison of the counts of galaxies in adjoining sky areas which lie 
at the same galactic latitude shows fluctuations between considerable 
limits, which greatly exceed the level of natural fluctuations. Two hypo- 
theses have been advanced to account for this fact: 1) the observed 
fluctuations in the distribution of galaxies are associated with random 
fluctuations in the distribution of dark clouds in the Galaxy, and 2) the 
observed fluctuations are attributed to the tendency of galaxies to collect 
in clusters. 

The first hypothesis was investigated by Ambartsumyan over the period 
from 1940 to 1951, when he laid down the foundation for the theory of 
fluctuations in statistical astronomy. The second hypothesis was developed 
by Neyman and Scott (1952), Shane (1953), and others. 

The dark matter in the Galaxy is now known to be distributed in patches. 
It is also known, on the other hand, that the galaxies do form clusters. 
Both factors thus operate, and the two hypotheses must be considered 
jointly. Ambartsumyan's generalized method is suitable for this purpose. 

We will use Eq. (87) derived in§129. First we apply this equation to 
an observer which studies the surface brightness of the Metagalaxy from 
the rim of our Galaxy. Suppose that all the galaxies are collected into 
clusters, i.e., there is no continuous distribution of luminous matter, so 
that A#Oand ny: 0. Itis further assumed that the distribution function 
of the intensity of bright clusters, i.e., the normalized distribution 
function of galaxies in clusters, is the same at any point in space. The 
presence of dark matter in the Metagalaxy is ignored, i.e., we take 
t= 0, x«=0. Eq. (87) then takes the form 


n 


du (s pe 
Batt - A(s) AS CHEM sy (8) = 0, (51) 


a= 


where the moments are superscripted with asterisks, since these are not 
moments that we can obtain from observations (our hypothetical obser- 
ver is situated outside the Galaxy, after all), Examination of Eq. (51) 
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shows that the moments entering this equation are bounded functions only 
if A(s) goes to zero for s—»om faster than as where o is an arbitrarily small 


positive number. This is associated with the so-called Olbers paradox, 
which is described in §193. 

Since in the following we will have to change over from fluctuations in 
the surface brightness of the Metagalaxy to fluctuations in the number of 
galaxies up to a given magnitude, we may take 4= O for alls>R, since all 
the galaxies up to a given magnitude are confined inside a sphere of some 
radius R. This ensures a finite p% (and resolves the Olbers paradox). 
Treating Eq. (51) as a linear differential equations in p% (s), we obtain its 
solution in the form 


n R 


ws (8) =D) CHEF ( A(s) pha (5) ds, (52) 


A=1 ry 


where the integration constant is determined from the condition pn (s)—> 0 
for s— Af: as long as galaxies lying outside a sphere of radius RA are not 
counted, they are nonexistent to all purpose and intent, so that the 
"observed" surface brightness outward from the boundary of this sphere 
is zero. 

If we further assume that all the galaxies have the same luminosity, and 
the average distribution density of their clusters in a sphere of radius FA is 
constant at all points with s < R, we obtain 4 = const and Eqs. (52) for s = 0 
(i.e., for an observer on the rim of the Galaxy) take the form 


py (0) =ARE, 
Hy (0) = A223 (E)? + AREF, (53) 
ws (0) = APR (E)> + 3A7AR7EE? + ARES. 


Let us now consider the brightness fluctuations of the Metagalaxy as 
observed from a point inside the Galaxy. Since we are concerned with the 
brightness of the Metagalaxy (later on we will change over to the number of 
observed galaxies per unit sky area, i.e., a quantity which can in no way 
be confused with observed objects of galactic origin), the line of sight 
crossing the Galaxy does not intercept any luminous matter of the relevant 
kind. In Eq. (87) from $129 we should now take n= 0, A= 0. Now, in 
accordance with the data of Chapter XVIII we assume that all the dark 
matter in the Galaxy is collected into discrete clouds, and there is no 
continuous substrate. Then x#0 t=0. Eq. (51) takes the form 


don (9) _ 56 (8) (1 — 9") - Hp (8) = 0. (54) 


Solving this homogeneous linear differential equation, we should 
remember that as s increases and we move outside the Galaxy, our problem 
develops to the previously considered case of fluctuations in the brightness 
of the Metagalaxy as viewed by an observer outside the Galaxy. Therefore, 
remembering the tremendous disparity in the scales of the Galaxy and the 
Metagalaxy, we may write 


Hn (>) = p& (0). (55) 


681 


Ch. XXU. EXTRAGALACTIC ASTRONOMY 


Using (55) to determine the integration constant in the solution of (54), we 
get 


11a) | tome 
Hn (5) = p& (0) € ; (56) 


If x(s) is only a function of the distance from the plane of the Galaxy, 
we find as in (47) 


\ x (s) ds =£ cose 6, (57) 


where b is the galactic latitude, and § is the expectation value of the number 
of dark clouds in the direction to the galactic pole. Then from (56) for 
s= 0 (i.e., an Earth-bound observer) we get 


Hn (0) = pot (0) e128 cose, (58) 


It now remains to change over from the random variable "surface 
brightness''to another random variable "surface density of the number of 
galaxies.'' We recall that according to Pogson's rule an increase of Am in 
apparent magnitude involves a reduction in brightness by a factor of 
10°-4-4m, Comparison with (49) thus shows that, assuming screening by 
dark matter, the surface brightness xz and the number of galaxies N are 
related by 


3 
N~z*. 


At the same time, for the fluctuations associated with clusters of 
galaxies we have 


N~x. 


Therefore, on changing over from Eq. (58) to the corresponding equations 
for the moments of the surface density of galaxies V,, the power exponent 
n of g should be replaced with 3n/2. Extracting the logarithm and inserting 
for us (the surface density moments are designated Vs) their expressions 
from (53), we thus obtain for n= 1,2,3,... 


Ig V, (6) = lg (ag) —a (1 — gq?) Ecosec 5, 
Ig V, (b) = Ig (a? (g)? + ag*] — a (1 — q4) E cosec 5, (59) 


where a is the conversion factor from Napierian logarithms to decimal 
logarithms, a=AR is the expectation value of the number of clusters within 
a sphere of the radius R, and g, g?, etc., are respectively the mean number 
of galaxies in a cluster, the mean square of the number of galaxies in a 
clusters, and so on. 

The left sides of Eqs. (59) are obtained from observations. This is the 
mean value of the number of galaxies at latitude b raised to first, second, 
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etc., power. Since these observations can be made for different ), each 
equation in (59) gives a redundant system of equations. Solving these 
redundant systems, we obtain ag, (1—qi-)E; a%(g)?+ag*. (1--@)§, etc. 

Note that this method enables us to distinguish between the clustering 
effect, which is represented by the first terms on the right in Eqs. (59), 
and the effect of patchy absorption, accounted for by the second terms on 
the right. 

Applying the first two equations in (59) to Shapley's calculations (1937), 
Agekyan (1957) obtained the following results: the average number of 
clusters of galaxies up to 17".2 per 1 sq. deg is a = 2.184 0.02; the average 
number of galaxies in a cluster is y= 8.3+1.6; average absorption of one 
dark cloud Am = —2.51lg q = 0”.394 0.02. 

The clusters are thus mainly small aggregates containing on the average 
8 non-dwarf galaxies (only the nearest dwarf galaxies are visible, and they 
virtually do not enter Shapley's calculations). 

In 1953 Neyman, Scott, and Shane applied their theory of fluctuations 
in the surface density of galaxies to the results of Shane and Wirtanen (1954) 
and assuming the fluctuations to be caused only by the clustering effect 
they obtained g< 287. Comparison with the previous value of g shows that 
the effect of patchy absorption on the apparent distribution of galaxies is 
most significant. 

In conclusion note that according to Zwicky the fluctuations in the 
apparent distribution of galaxies are due to some other factors besides 
the clustering effect and the patchy absorption. In his opinion, the tendency 
of clusters of galaxies to aggregate into higher-order clusters is of the 
utmost significance. Fluctuations in metagalactic absorption also make a 
substantial contribution. These factors may indeed prove quite significant 
for exceedingly weak distant galaxies. 

§ 188. Double and multiple galaxies. Galaxies reveal a pronounced 
tendency to form double and multiple systems. The nearest pair of 
galaxies — the Large and the Small Magellanic Clouds — constitute a double 
system, and together with our Galaxy they aggregate into a triple system. 
The Andromeda Nebula with its close elliptical satellites NGC 205 and 
NGC 221 form a triple system, and the farther satellites NGC 147 and 
NGC 185 can be added to produce a quintuple system. Among the nearest 
galaxies, NGC 147 and NGC 185 constitute a double system. Thus, more 
than half of the 19 nearest galaxies are components of double and multiple 
systems. Roughly the same proportion of stars in the Galaxy are multiple 
stars. 

In 1811 W. Herschel studied 139 double objects, which he called double 
nebulae, and established great physical likeness between their components. 
Lundmark (1 926) examined some 8000 NGC objects and found up to 200 
double and multiple galaxies. 

Currently the main catalogue of double and binary galaxies is Holmberg's 
catalogue (1937), which lists 827 objects. The selection criterion used by 
Holmberg was the inequality 


_. 
Dabs (60) 


where D, and D, are the diameters of the galaxies, and §£ is the separation of 
their centers. This is a fairly rigid criterion and the number of optical 
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double galaxies in Holmberg's catalogue should be negligible. The 
catalogue lists galaxies up to 16", but it is comprehensive only up to 14™.5. 
The frequency of systems of different multiplicities is the following: 


ees Number of 
Multiplicity 
systems 

2 695 

3 96 

4 22 

B) 6 

6 8 


The ratio between systems of different multiplicities is approximately the 
same as for double and multiple stars. 

It has been further established that early-type galaxies more frequently 
occur in close pairs, whereas late-type galaxies are found in wide pairs. 

Ambartsumyan (1956) established that the number of double and 
multiple galaxies (like that of stars) is much greater than the number 
corresponding to dissociation equilibrium, i.e., to a state whereby the 
number of multiple systems forming through interaction between galaxies 
is equal to the number of systems which break up. Hence it follows that, 
at least in the neighborhood of our Galaxy, the predominant process is that 
of breakup of double and multiple systems. 

A confirmation of this conclusion, in Ambartsumyan's opinion, is 
provided by the great number of Trapezium-type multiple galaxies, i.e., 
systems where all the three mutual separations of the components are 
comparable. Systems of this type are inherently unstable, since the motion 
of the components is non-Keplerian. Even if the total energy of a 
Trapezium system is negative, it will decay through internal interactions 
in a time which is only slightly greater than the time required for the 
components to traverse a path equal to the diameter of the system. Decay 
through internal interaction stops when the system is left only with two 
components; after that the double system may break up only following an 
encounter with other galaxies. Ambartsumyan found that among 132 
multiple galaxies in Holmberg's catalogue, 87 have three-component 
configurations where the ratio of the maximum to the minimum mutual 
separation is at most 2.5. These systems can be safely classified as 
Trapezium type. Although their proportion out of the total number of 
multiple galaxies is exaggerated due to Holmberg's rigid selection 
criterion, Ambartsumyan found that Trapezium systems accounted at least 
for half of all the multiple systems. Their relative number is thus 
substantially greater than the relative number of Trapezium-type systems 
among multiple stars. 

The existence of double and multiple galaxies in great numbers, and the 
high proportion of Trapezium systems among them, led Ambartsumyan to 
the conclusion that the component galaxies of these systems were of 
common and fairly recent origin. 

An interesting feature of double and multiple galaxies is that many show 
lanes of luminous matter joining the different components. These lanes, 
arms or bridges, described by Zwicky (1956), are mainly observed in 
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close systems (Figure 217). Zwicky notes that each plate taken with the 
48-in. Schmidt shows about a dozen double or triple systems whose 
components are joined by luminous matter. The bridges between galaxies 
are generally extensions of the spiral arms of these galaxies. Like the 
spiral arms, they are bluish in color. The nearby galaxy NGC 5194 (M51), 
which has been resolved into individual stars, shows that the bridges are 
made up of hot giants, gaseous and dust nebulae, and multitudes of lower 
luminosity stars. According to Vorontsov-Vel'yaminov (1958), the 
bridges joining E and SO galaxies are short, wide, and bright, whereas Sb 
and Sc galaxies may be joined by long, narrow, and weakly luminous 
bridges. On the average, the longer the bridge, the narrower. 


: + 


FIGURE 217 


Alongside with bridges joining close galaxies, there are also instances 
of prominences protruding from one galaxy toward its companion, without 
actually joining the two. Vorontsov-Vel'yaminov calls these prominences 
tails. The tail projecting in the direction of the companion often has a 
counterpart which extends in the opposite direction. This is probably 
indicatory of a tidal interaction between galaxies. 

There are currently two points of view on the nature of the bridges and 
the tails. According to Zwicky, these formations are the result of 
interaction between the close galaxies. Moreover, Zwicky is of the opinion 
that the spiral arms are the fragments of bridges which are severed by the 
rotation of the galaxies following an accidental encounter. 

According to the other point of view (Ambartsumayn, 1958), the bridges 
are pulled out from the body of the system when two galaxies originating 
from a common core start receding from each other. The bridges are 
thus the "umbilical cord" linking the two separating galaxies into one. 

Vorontsov-Vel'yaminov pointed to the following signs of interaction 
between close galaxies: 1) the facing parts of the galaxies are fainter, the 
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spiral structure in this region is greatly distorted or is absent altogether, 
2) there are pairs or small groups of galaxies immersed in a common cloud 
of mist. 

In 1959 Vorontsov-Vel'yaminov published Part I of his Atlas and 
Catalogue of Interacting Galaxies, which lists 355 systems. 

§189. Masses of double galaxies. The determination of the masses of 
double galaxies is based on the assumption that the two components are 
physically linked and move one relative to the other in closed orbits. Near 
the perigalaxy the orbital velocities are thus greater than the circular 
velocity at that point, andatthe apogalaxy the orbital velocity is conversely 
less than the corresponding circular velocity. Statistically, the motion can 
therefore be regarded as circular. Equating centrifugal and centripetal 
forces, we thus get 


M,+M, = 2M =1.12-10-%av%, (61) 


where M™ is the mass in units of solar mass, ais the radius of the relative 
orbit in astronomical units, « is the circular orbital velocity in km/sec. 

Let Av be the observed difference in the radial velocities of the 
components, ® the angle between the circular velocity and the line of sight, 
the angle between the radius -vector and the line of sight, s the angular 
separation of the components in minutes of arc, rthe distance to the 
system in parsecs. Then 


Av=vcos®, (62) 
asiny 
inaaey >| ager (63) 
Since vis perpendicular to a, we have 


cos ® = sini-cos $2, (64) 
cos P= sini-sin 2, 


where i is the inclination of the orbit to the tangent plane, 92 is the distance 
of the second component from the node of the relative orbit. 
Combining Eqs. (61)—(63), we get 


Mf =M sin wcos?® = 0.0336-r-sAv?, (65) 
We can approximately take 
M = 0.33872" . (66) 


The average value of f is readily calculated from (64): 


ce 0.295. 


f=sin®icos?) V1—sin*isin® 2) = 


Thus, 
M =0.114rshv. (67) 
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Eq. (67) enables us to estimate the mean mass of double galaxies if the 
radial velocities of the components are known and the distances have been 
determined by some method. 

Page (1952) obtained M = 8 -107 Mzfrom the radial velocities of the 
components of 20 double galaxies. The mean error is estimated at 
3 -10°°Mo. The relative radial velocities of the binary components in Page's 
measurements reach 640km/sec. 

In 1959, Page and Thornton repeated this study on a larger sample 
(65 double galaxies). According to Eq. (67) the mean mass is proportional 
to the distance and hence inversely proportional to Hubble's constant (if 
the distances are determined from radial velocities). Taking 100 km/sec ° 
Mpc ! for Hubble's constant, Page and Thornton obtained 2.5- 1014 Mg for the 
mean massofagalaxy. For 45 E and S80 galaxies separated from the total 
sample, the mean mass was found to be 4 -10? Mo, and for the 205 and I 
galaxies it was 0.3 -107 Mo. 

Note that if there is no physical bond between the system components, 
Eq. (61) is replaced by the inequality 


2M < 1.12-10%av? 
and (67) by 


M <0.114rsAv?. (68) 


Thus, if our fundamental assumption is in error, the masses obtained 
from (67) are too high. 

§190. Clusters of galaxies. The distribution of galaxies in space is far 
from being uniform. They group into aggregates of various types and sizes. 
Whereas only a minor proportion of stars occur in star clusters, the 
majority being stars of the general galactic field, galaxies are predomi- 
nantly observed in condensations. 

The spatial distribution of galaxies was studied by Zwicky. He distin- 
guishes between aggregates of different kinds (1957): 

1) Clusters of galaxies. These formations contain hundreds and 
even thousands of objects. A highly important feature of a cluster is the 
presence of one or several concentration centers for its members. Some 
clusters show signs of regular structure. The density of galaxies in the 
central parts of a cluster is thousands and even millions of times greater 
than the field density. Clusters with circular symmetry are called 
regular. All the rest are irregular clusters. 

2)Groups of galaxies containing less than a hundred objects. 

The density of galaxies in groups is substantially higher than the field 
density. Groups show no marked concentration toward the center. 

3) Clouds of galaxies. These are large groups with hundreds and 
thousands of galaxies. The clouds are irregular, without any central 
concentration. 

4)Clouds of groups. The density of galaxies in the space between 
the component groups in these clouds is higher than the metagalactic field 
density. 

5) Clouds of clusters , the largest among the observed condensations; 
double, triple, and multiple clusters are observed. Large clouds may 
contain many tens of clusters, with over 100,000 galaxies. 
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Condensations of galaxies are studied and identified by counting the 
number of galaxies in selected sky areas. 

Clusters of galaxies are the most remarkable objects in this classifica- 
tion. 

We will describe Zwicky's results obtained for the Coma Berenices 
cluster. This cluster has a distinct concentration center and circular 
symmetry. Zwicky counted the galaxies ina series of rings concentric 
with the cluster using a 16-in. Schmidt, which gives a limiting magnitude 
of 16".5, and a 48-in. Schmidt, which reaches 19”.0 apparent magnitude. 

The distance of this cluster in Sandage's scale is 85Mpc, and the 
distance modulus is 34".7. Thus, the 16-in. Schmidt counts galaxies 
brighter than absolute magnitude -18".2, and the 48-in. Schmidt reveals 
galaxies brighter than -15".7. The brightest galaxies of this cluster have 
apparent magnitude + 13".2, which corresponds to absolute magnitude 
-21".5. That the brightest galaxies of this cluster are brighter than our 
Galaxy or NGC 224 is not surprising and it provides a further argument in 
favor of Sandage's scale. The counts show that the number of galaxies of 
a given magnitude increases monotonically with apparent magnitude, i.e., 
the luminosity function monotonically increases from M= —21™.5 to -15".7. 


TABLE 16 


Number of 
galaxies upto 
1940 per 


Ring Number of 


boundaries 


Number of 
galaxies 
up to 19.0 


Number of 
galaxies 
up to 16.5 


in 
minutes 


0—5 


5—10 1106 1.75 
10-15 746 1.56 
15—20 635 2.26 
20—30 382 1.98 
30—40 329 3.26 
40—50 248 2.96 
50—60 236 3.42 
60—T70 176 3.3 
70—80 170 8.9 
80—90 113 7.5 
90—100 132 7.4 

100—120 112 | 13 
120—140 119 115 | 29 
140—160 87 84 | 28 
160—180 96 
180—200 105 
200—220 117 
220—240 108 
240—270 87 
270 —300 62 
300—330 50 
330 —360 51 


The results of these counts are listed in column 2 and 3 of Table 16. 
The next two columns give the count per 1 sq. degree of the sky, obtained 
by dividing the counts in columns 2 and 3 by the respective ring areas. 
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Extraneous galaxies lying nearer or farther than the cluster are accidental:. 
projected onto the cluster area. To correct for this accidental projection 
effect, the average number of galaxies up to 16.5 and up to 19”.0 per 

1 sq. degree outside the cluster area at the same latitude should be subtracted 
from the figures in columns 4 and 5. Zwicky found that the average number 
of galaxies up to 16”.5 and 19”.0 in 1 sq. deg of the field was 7.4 and 170, 
respectively. After subtraction, columns 6 and 7 give the numbers pn, and 
n, of cluster galaxies up to 16".5 and 19".0 in 1 sq. deg of the sky for the 
different concentric rings. 

Column 8 gives the number of weak galaxies with apparent magnitudes 
from 16".5 to 19".0 per 1 sq. deg in the cluster. Column 9 gives the ratio 
of the number of weak galaxies to the number of bright galaxies. 

The data in the table show that the bright galaxies fix the boundary of 
the cluster at a distance of some 160' from the center. If, however, the 
weaker galaxies are also considered, the cluster is found to have a radius 
of over 360'. The ratio of the number of galaxies per 1 sq.deg at the center 
of the cluster to the number of galaxies per 1 sq. deg of the metagalactic 
field is 200 for the bright galaxies, and only 7 for the weak galaxies. The 
bright galaxies thus show a much more pronounced central concentration, 
and their proportion out of the total number of galaxies steadily and fairly 
rapidly decreases with distance from the center. If we change over from 
surface to spatial distribution (as for globular star clusters, see §173), 
the proportion of the bright galaxies will diminish even faster away from 
the center. 

Among the nearest galaxies, higher mass is an indication of higher 
luminosity. This relation apparently holds true for galaxies in clusters 
also. If this is sc, the massive galaxies in the Coma Berenices cluster 
seem to be nearer the center, whereas low-mass galaxies also occur at the 
periphery. This effect was attributed by Zwicky to the irregular gravita- 
tional field in the cluster. This conclusion is further supported by the 
almost spherical distribution of galaxies in the cluster. 

It should be noted, however, that Zwicky's interpretation is not the only 
one possible. Another possibility is that the cluster of palaxies arose 
from some primeval formation with perfect spherical symmetry and density 
concentration toward the center. Then massive galaxies would naturally 
form in the central regions, where the density of matter was highest. 

The linear diameter of the Coma Berenices cluster is 8 Mpc from the 
bright galaxies and 18 Mpc from the weak galaxies. 

The total number of galaxies up to 16".5 in the cluster is 654, and of 
galaxies up to 19.0, 10,724. This gives anaverage density of 3.5 galaxies 
per 1Mpc’. In the central regions, there are over 100 galaxies per 1 Mpc’, 
and the distances between galaxies are comparable to the size of the 
individual galaxies. 

The composition of galaxies in Coma Berenices is somewhat unusual. 
The cluster contains absolutely no galaxies with prominent spiral structure, 
but besides the E galaxies there is an abundance of SO galaxies. A similar 
situation is observed in another regular and centrally dense cluster of 
galaxies, the one in Corona Borealis. We recall that SO galaxies are 
exceedingly flattened and have a nucleus, like the spiral galaxies, but they 
show no spiral arms and no traces of dark matter. The last two features 
are intimately interrelated, since the spiral arms are formed by hot giants, 
and hot giants are genetically linked with dark matter. Proceeding from 
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these considerations, Spitzer and Baade (1951) suggested that the SO 
galaxies in dense clusters are the product of collisions between spiral 
galaxies. In a head-on collision between two spiral galaxies, the star of 
each galaxy will sweep through the other almost unimpeded because of their 
enormous free paths. The overall deformation of the colliding systems 
will also be insignificant. The diffuse matter in these galaxies, however, 
will effectively collide, since the free path of the diffuse cloud particles is 
small compared to the size of the galaxies. The diffuse matter will thus 
be swept out from the star system, and a normal 5 galaxy will develop into 
SO. This hypothesis presupposes that the hot giants are genetically linked 
with diffuse matter in such a way that they vanish when the diffuse matter 
is removed from the galaxy. Other, less dense clusters (we are concerned 
with the partial pressure of S and SO), e.g., the Virgo cluster, contain S 
galaxies, and SO galaxies are fairly rare. Spitzer and Baade explain this 
by the low probability of collisions in the low-density cluster, so that only 
few of the spiral galaxies have so far lost their diffuse matter. 

Table 17 lists Zwicky's general data on three regular clusters of 


galaxies. 


TABLE 17 


Fi Coma Berenices 
Characteristic 
cluster 


Galactic longitude....... 
Galactic latitude........ 


Cancer 
cluster 


Pegasus 
cluster 


—49° 


Distance in megaparsecs ... 45 
Diameter in degrees according 

to galaxies up 10 197.0 .. 2.0 
Absolute magnitude of the 

brightest member ...... -20.8 
Number of galaxies up to 

LO™ 5. ee eee eo eenes 62 
Number of galaxies up to 

TO™O,. . ee ee ee eeees 369 
Average density of galaxies 

perl Mpc? ,......... 180 


Note the differences in the population and the spatial density of these 
three regular clusters. 

The average density of galaxies in the metagalactic field is about 0.05 
per 1 Mpc’. The density in clusters is thus much greater than the 
metagalactic field density. 

An example of an irregular cluster of galaxies is the Virgo cluster. 
This is the nearest ofthe largeclusters. Its distance modulus is 30".7, and 
the distance is about 12 Mpc. The bright galaxies in this cluster occupy 
the area 250 <i< 270°, +50 <b< +70. Of the 34 galaxies listed in 
Messier's catalogue, 16 occur in the Virgo cluster. The Shapley—Ames 
catalogue includes 97 galaxies with m< 12™.3 from this cluster and 106 
galaxies with 127.3 <m<13". It contains thousands of weaker galaxies. 
Zwicky's photographs taken with the 48-in. Schmidt show a great number 
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of weak irregular galaxies of low surface brightness, i.e., II galaxies. 

The size of the cluster increases as we pass to weaker galaxies, as in the 
case of regular clusters. The overall linear dimensions of this enormous 
cluster are approximately 8 Mpc and the mean density in the cluster is 

15 galaxies per Mpc’. The bright galaxies of this cluster include numerous 
giant elliptical galaxies which show a more pronounced central concentration 
than the spirals. In Zwicky's opinion this may be due to the higher mass of 
E galaxies compared to S galaxies for constant luminosity. 

The Virgo cluster has a definite central concentration. This concentra- 
tion, however, is less pronounced than in the Coma Berenices cluster. In 
general, irregular clusters show a much less pronounced central concen- 
tration than the regular clusters do. 

The irregular clusters also include those in Ursa Major, Centaurus, 
Fornax, Leo. ; 

The best known group of galaxies is the so-called Local Group, which 
includes our star system. This group comprises the first 19 objects in 
Table 3: these are six spirals, six elliptical galaxies, and seven irregular 
galaxies, The linear dimensions of the Local Group are about 0.8 Mpc. 

The ;density of galaxies in the Local Group is thus approximately 40 per Mpc’. 
When comparing this density with the previously mentioned figures for 
clusters and the metagalactic field, we must remember that in the Local 
Group even the faintest members — dwarfs with absolute magnitudes 
between —-10" and -12"— are counted. Inthe metagalactic fields and other 
clusters these weak objects are simply undetectable. The only exception 

is the Virgo cluster, where Zwicky observed galaxies of similar magnitude. 
The farther the cluster, the more limited are our possibilities concerning 
the detection of the weak galaxies, and this explains the pronounced selec- 
tion. Thedensity in the far clusters and in the metagalactic field is thus 
lower than the true figure. 

Other groups are the M81 and the M101 group listed in Table 2. Clearly 
a substantial proportion of galaxies in these groups have not been discovered 
yet. The absence of elliptical galaxies in these groups and of irregular 
dwarf galaxies in M101 is highly suspicious. 

The Local Group together with the groups M81 and M101 form a small cloud 
of groups in Zwicky's classification. 

In 1953 Vaucouleurs investigated the distribution of the bright galaxies 
in the Shapley— Ames catalogue over the sky and established that these 
galaxies (the members of the Local Group excluded) concentrate near the 
great circle which is precisely perpendicular to the galactic equator, 
between galactic longitudes of 105 and 285°. In the northern galactic 
hemisphere, the concentration circle passes through the Virgo cluster. 

If we ignore the dense group of galaxies localized in a small part of the 
southern sky, a strip some 12° wide around the concentration circle, which 
is a mere 10% of the total sky area, contains about 2/3 of all the galaxies 
brighter than 12", If we take into consideration the avoidance zone 
associated with interstellar absorption of light, we obtain in this strip a 
surface density of galaxies 10 times higher than over the rest of the sky. 

Vaucouleurs considered this fact as evidence in favor of the existence 
of a large disk-shaped condensation of galaxies, which he called the Local 
Supersystem. As we pass to ever weaker galaxies, the concentration 
diminishes, unlike the galactic concentration of stars, This is apparently 
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associated with the fairly small size of the Local Supersystem, which does 
not include the distant galaxies. 

Having investigated the density of galaxies along the concentration 
circle, which is the equator of the Local Supersystem, Vaucouleurs came 
to the conclusion that the center of the Local Supersystem lies in the Virgo 
cluster, which can be considered as the nucleus of the Local Supersystem. 
The Local Supersystem is highly flattened (degree of flattening 8), which 
points to pronounced rotation effects. Its diameter is some 20—30 Mpc 
(on Sandage's scale), and the distance from the Galaxy to the rim is 
2—4Mpc. 

Thus, slightly deviating from Vaucouleurs's terminology, we can 
interpret his results as indicating that the Virgo cluster is highly flattened 
and jlarger than was previously assumed. Our Galaxy lies in the equatorial 
plane of this cluster, just at its rim. The Local Group is one of the 
peripheral condensations of galaxies in the Virgo cluster. 

If we remember that the Virgo cluster is much nearer than any other 
large cluster, Vaucouleurs's conclusions seem quite probable. 

According to Vorontsov-Vel'yaminov, the concentration of galaxies 
toward the equator of the Local Supersystem holds true at least for 
galaxies of up to 18". 

The dense group of galaxies localized in a small part of the southern 
sky is regarded by Vaucouleurs asa neighbor supersystem. 

The concentration of optically visible galaxies near the plane of the Local 
Supersystem was confirmed by Kraus and Ko (1953), Brown and Hazard 
(1953), and Kraus (1954), who showed that the radio emission also concen- 
trated in that plane. 

This is a highly important result, since the radio emission is not 
obstructed by the dark matter of our Galaxy. The concentration of radio 
sources even proved to be greater than that predicted from the optical 
concentration. In Shklovskii's opinion (1954), this may be due to the fact 
imat a substantial fraction of the radio waves originates in the diffuse 
matter concentrated in the plane of the Local Supersystem. 

Shakeshaft and Baldwin investigated the radio intensity at 1.9-m wave- 
length along the concentration circle and failed to detect any correlation 
with the number of bright galaxies. This result is understandable if almost 
the entire radio power is emitted by the diffuse matter in the plane of the 
Local Supersystem and the contribution from individual galaxies is insigni- 
ficant. The authors themselves suggest that the observed radio emission 
is of galactic origin. 

A radio survey at 3-m wavelength (100 MHz) carried out by Bolton and 
Westfold (1950) did not reveal any enhancement of radio intensity in the 
part of the southern sky which Vaucouleurs identified with a neighbor 
supersystem. 

Wider horizons for statistical studies of clusters are now being opened 
in connection with the compilation of the relevant catalogues. 

Abell (1958) compiled a catalogue of 1712 rich clusters of galaxies 
located using the Palomar Sky Atlas. A fairly homogeneous statistical 
sample of 1682 clusters was selected from among these clusters, satisfying 
the following criteria: 

1. Each cluster should contain a minimum of 50 galaxies with magnitudes 
at most 2” higher than the magnitude of the third brightest member in the 
cluster. 


692 


§ 191, DETERMINATION OF GALACTIC MASSES IN CLUSTERS 


2. The fifty brightest members of the cluster should lie within a circle 


of radius peas mm on plates taken with the 48-in. Schmidt (cis expressed 


tc— 


in km/sec). 

3. The red shift of the cluster should fall between 6000 and 60,000 km/sec. 

4, The cluster should be located at a sufficiently high galactic latitude, 
to avoid the effect of galactic absorption. 

The frequency N(x) of the cluster populations rapidly falls off with 
increasing x (note that x >50). This distribution led Abell to the conclusion 
that the average number of galaxies in a cluster is markedly less than 50. 
This result is in good agreement with the results of the theory of fluctua- 
tions, with allows for the patchy structure of the dark matter (see § 188). 

Herzog, Wild, and Zwicky are now working on a catalogue of rich 
clusters for the sky north of 6 = —30° using the 48-in. Schmidt. The 
surveyed part of the sky covers 30,940 sq.deg, some 10,000 of which are 
obstructed by dark matter. The remaining 21,000 sq. deg contain about 
10,000 rich clusters. A rich cluster is one containing at least 50 galaxies 
with apparent magnitudes between [was, Munx + 3), where minx is the apparent 
magnitude of the brightest galaxy. Condensations with surface density of 
galaxies exceeding by more than a factor of 10 the surface density of field 
galaxies were also classified as clusters. 

This catalogue uses the following classification of clusters: 1) compact 
clusters are those with a single distinct point of concentration; the surface 
density of galaxies near this point is such that they actually (optically) 
touch one another. Most of the compact clusters are spherically symmet- 
ric. 2) Semicompact clusters are those where the galaxies around the point 
of maximum concentration occur at separations several times greater than 
their size, or else the cluster has several concentration points. 3) Open 
clusters are those without any distinct concentration points. 

According to this classification, the Coma Berenices cluster is compact, 
the Virgo cluster is semicompact, and the Ursa Major cluster is open. 

Zwicky (1955) counted the galaxies in the identified clusters using 
photographs taken with the 48-in. Schmidt in a sky area covering 40 sq. deg. 
There were 921 clusters in this area, containing 118,191 galaxies, which 
gives an average of 128 galaxies per cluster. Note, however, that the 
average number of galaxies obtained in this way is definitely overestimated, 
since small clusters lose their individuality due to projection effects, and 
only the large clusters stand out distinctly. Each photographic plate 
showed the following number of clusters: 41, 53, 54, 34, 64, 36, 45, 35, 30,15, 
22,9,17, 56,11, 24, 20, 8, 34, 24, 36, 54, 41, 64,55, 39. The observed fluctua- 
tions in the number of clusters per plate are much greater than the natural 
fluctuations in case of uniform distribution. They are either due to 
fluctuations in interstellar absorption or to a tendency of clusters to 
aggregate into clouds. Both factors apparently are significant. Anyhow, 
Zwicky's data show that the hypothesis of uniform distribution of clusters 
and zero fluctuations in interstellar absorption does not fit the observations. 

§ 191. Determination of galactic masses in clusters. The mass—lumi- 
nosity relation in star systems. Clusters of galaxies provide an alternative 
method for the determination of galactic masses. The following information 
is required: 
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Also 


R 
N=2\ S(a)dz. (76) 


i—? 


Inserting (75) and (76) in (70), we get 


R 
ve iy S (x) dz 
m= —2 (77) 
G § $7 (z) dz 
0 
If the strip width is now measured in angular units f, we have 
z=r-B, 
S(z) dr=s(B) dp, 
R a 
\ 5 (2) dz= ( s(p) ap, 
0 it) 
R 4 a 
\ S*(z)dz=— { 5*(B) ap, 
0 0 
where a is the angular radius of the cluster in radians, and ris the 
distance to the cluster. 
Eq. (77) thus takes the form 
— a 
vr j s (B) dB 
ee (78) 


c | (p) ap 
11) 


This is the working formula for the calculation of the mean galactic mass 
in the cluster. 

According to Holmberg, the mean square residual velocity in the Coma 
Berenices cluster (as measured for 22 galaxies in the cluster ) is 
1430km/sec. The integrals on the right in (78) were evaluated by 
Schwarzschild using Zwicky's counts of galaxies in the Coma Berenices 
cluster. If we take 85 Mpc for the distance to the cluster, we get 


m = 2,6-10%g =1.3-10"%Mo, (79) 


The stellar population of galaxies is conveniently characterized 
by the ratio f of the galactic mass to luminosity. It is generally 
expressed in units of the corresponding ratio forthe Sun. The values 
of f for various objects were assembled by Schwarzschild (1954) 
(Table 18). 

Table 18 shows that f increases in late-type galaxies, where the 
mass per unit luminosity is greater. This is quite understandable, 
since late-type galaxies are mainly Population Il systems, and their 
constituent stars are characterized by high values of f. 
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TABLE 18 


Luminosity 


Object Distance, kpe ; Mass ! 
(solar units) (solar units) 

Sun's neighborhood Sb or Sc 4 
NGC 598 480 Se 1.4+10° 5-10° 4 
LMC 44 II 1.2°10° 2-109 2 
NGC 224 460 Sb 9-10° 1.4-10 16 
NGC 3115 2,100 9-10° 9.1010 100 
NGC 221 460 -10° 2.5+10% 200 
Average S and I in double 

galaxies 4-10" 31019 1.3 
Average E and SO in double 

galaxies 10% 4.0-104 41 
Average galaxy in Coma 

Berenices 85,000 5.5+10° 1.3 +101? 240 


§ 192. Radio emission from galaxies. The distribution of discrete radio 
sources over the sky shows that these sources are divided into two distinct 
groups. Sources of one group are confined in a narrow belt near the 
galactic equator, showing pronounced galactic concentration. The second 
group comprises sources which lie outside the equatorial plane and are 
distributed at random, without any signs of galactic concentration. 

The radio sources of the first group, as expected, are galactic objects 
and some of them have been identified with gaseous nebulae and remnants 
of supernovae and novae. 

The radio sources of the second group are either exceedingly near 
stars (very near stars do not show any galactic concentration) or distant 
extragalactic objects. None of these sources have so far been identified 
with any individual star. If we assume that these are optically weak, 
invisible, near stars, we will have to revise our notions of the stellar 
density around the Sun, despite their excellent fit with general dynamic 
considerations. The radio sources of the second group were thus regarded 
from the start as probable extraglactic objects. This conclusion was 
finally confirmed in 1949 when Bolton, Stanley, and Slee identified two 
discrete sources with the galaxies NGC 5128 and NGC 4486. Soon after that 
many more identifications were made, and we are now fairly certain that 
the discrete radio sources without galactic concentration are in fact 
galaxies or clusters of galaxies. 

For purposes of comparison between the radio and the optical radiation 
power of discrete sources, one generally defines the radio magnitude of 
the source. In Brown and Hazard's system it is defined by 


m, = —53.4— 2.5 1g 5 (158), (80) 
where S§ (1 58) is the flux density at frequency of 158 MHz. Its dimensions 
are watt-m *Hz °. The radio to optical intensity ratio of a source, which 
we call the relative radio brightness, is then defined by the difference 


m,—M,, (81) 
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where m, is the apparent photographic magnitude of the object. The smaller 
the difference (81), the greater is the relative radio brightness of the source. 
m,—m, slightly depends on the distance of the galaxy. Since the radio 
intensity falls off more slowly with increasing wavelength than the optical 
intensity does, thered shift of the distant galaxies should reduce m,—m,, and 
hence increase the relative radio brightness. 

In terms of relative radio brightness, the galaxies are divided into two 
distinct groups. For the great majority of galaxies, including all the 
nearest galaxies, the relative radio 
brightness is small. Their m,—m, is 


+577 
greater than -2™. These are the normal 


th galaxies. The relative radio brightness 
is particularly small for E, SO, and III 
+3 galaxies. None of the brightest galaxies 
+2 of these types emit any detectable radio 
waves. Since the threshold magnitude m, 
*f for the modern radio telescopes is about 
O +10", and the brightest E, SO, and III 
-7 galaxies have apparent magnitudes of 
+8".9, +97.1, +9".3, +9".5, their m,—m, 
-2 corrected for light absorption should be 
agi over +2™ or even + 8". 
E,So Sb Sc J Minkowski (1958) constructed from 
FIGURE 218 Brown and Hazard's data and also from 


Mills's finding the diagram of m,—m, for 
bright galaxies of various types 
(Figure 218). The arrow pointing up shows that the radio power of the 
particular galaxy is undetectable and m,—m, is greater than the value of 
this difference at the base of the arrow. 

We see from the diagram that III galaxies are weak radio sources and 
the dispersion of their m,—m, value is very small. The dispersion of 
m,—m, is also small for Sc galaxies, but their relative radio brightness is 
somewhat higher. In Sb galaxies, m,—m, show considerable disperison, 
ranging from -2" to +2". The is apparently associated with the high 
spread of the spectra of Sb galaxies (§ 179). 

The absence of noticeable radio emission from E, SO and III galaxies, 
combined with the complete lack of radio power from globular clusters in 
the Galaxy, shows that Population II stars are not active at radio wave- 
lengths. 

The m,—m, of spirals on the average decreases with decreasing inclination 
i. This is explained by the stronger optical screening of the galaxy by the 
dark matter at higher i, whereas at radio wavelengths the dark matter is 
transparent. The inclination correction to m,—m, is quite substantial (up 
to+2"). The correction for i, however, did not markedly reduce the 
dispersion of the m,—m, values for Sb galaxies. They remained spread 
between —0".3 and + 37.6. 

Minkowski links the radio emission with the presence of spiral arms. 
II are weak radio sources probably because their spiral structure is 
insufficiently developed. It seems that radio emission and spiral structure 
require primarily large quantities of diffuse matter and also sufficiently 
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strong magnetic fields. The Large Magellanic Cloud is rich in diffuse 
matter. Its magnetic field, however, is probably very weak, as its radio 
emission is insignificant and its spiral arms are inconspicuous. 

Of the greatest interest is the second group of galaxies characterized by 
enhanced relative radio brightness. These radio galaxies, or peculiar 
galaxies, constitute a negligible fraction out of the total galactic population, 
but their intense radio emission clearly separates them from the multitudes 
of normal galaxies. 

For the radio galaxies m,—m, reaches large negative values. 

Table 19 compiled by Minkowski lists the identified radio galaxies. 


TABLE 19 
Object m,—mp Apparent Spectrum 
characteristics 
1 NGC 1275 -6 d, p 
2 NGC 1316 -3 p? 
3 NGC 4038-9 -1 d, p 
4 NGC 4486 “5 p 
5 NGC 5128 -3 d, p 
6 Cygnus A -14 d, p 
1 Hydra A -12 d 
8 Hercules A -12 d, p 
9 NGC 2623 “5 Pp 
10 NGC 4782-3 =3 d 
11 NGC 6166 -7 d 


Under apparent characteristics, d denotes a double galaxy, p a peculiar 
aspect, e.g., ejections tails. Under spectrum, pe points to spectral 
peculiarities, n normal spectrum, ne normal spectrum with emission. 

The first six galaxies on the list were firmly indentified with radio 
sources, the seventh andthe eighthare lesscertain, and the last three are 
fairly uncertain. The identification difficulties are associated with the 
extreme optical weakness of most radio galaxies; moreover, the position 
of the discrete radio sources cannot be pinpointed with high accuracy. 
Therefore, the fairly large area in which the radio source is localized (an 
area of some 100 sq. min) may contain several galaxies of comparable 
brightness. In this case, additional argument in favor of the identification 
is provided by the peculiar aspect and the peculiar spectrum of the optical 
galaxy. 

Cygnus A —a 18” galaxy (+16" with correction for absorption) — is the 
most remarkable object on the list. Here the identification was made 
possible by a most pronounced peculiarity of the object. This is an 
exceedingly close double galaxy with a most peculiar spectrum. Although 
optically Cygnus A is a weak object (because of its low brightness it was not 
included in NGC and is designated Cygnus A, meaning that it is the strongest 
discrete radio source in the constellation of Cygnus), it is a most intense 
radio source, with m, = +2", so that it has a tremendous relative radio 
brightness m,—m, = -14", Many weak radio sources possibly remain 
without optical counterparts because these are also objects of the Cygnus A 
type. Such an object with m,= 8" has m, = 22”, and there is virtually no 
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hope of reliable identification, since the radio source area contains a great 
number of 22-mag. galaxies and the optical peculiarities, ifany, of such 
weak objects cannot be distinguished. Cygnus A objects of radio magnitude 
m,= +10" have m, = +24", and are thus entirely inaccessible to optical 
observations. Thus, if we assume the existence of Cygnus A objects 
among radio sources with m,= +10", we can safely state that already now 
the radius of the Universe covered by radio observations is much greater 
than the radius of the optical Universe. 

While the applicability of radio techniques to the normal galaxies is 
limited by their weak radio emission, the studies of radio galaxies are 
naturally limited by their extreme optical faintness. 

Baade and Minkowski (1954) interpret Cygnus A as galaxies in collision— 
a pair of late-type spirals. If the galaxies indeed collide, the diffuse 
matter of the two components is intermixed and the optical spectrum is 
expected to show certain peculiarities. Indeed, the spectra taken with the 
200-in. and the 100-in. telescopes identify the double galaxy Cygnus A as 
a peculiar object. It shows bright forbidden lines. More than 50% of its 
radiation is concentrated in emission lines. The red shift gives 200Mpc 
for its distance. The total power radiated at radio wavelengths can be 
estimated at 3-10“ erg/sec, whereas the optical power is about 
2-10“ erg/sec. 

The powerful radio emission originates in the colliding diffuse clouds 
of the two galaxies. Shklovskii (1954) suggests that when diffuse masses 
collide, a substantial fraction of their kinetic energy is converted into the 
energy of relatively few relativistic particles, i.e., particles moving with 
tremendous velocities. These relativistic particles decelerate in the 
magnetic fields and emit at radio wavelengths. According to Baade and 
Minkowski, the radio galaxy NGC 5128 is the result of a collision of a spiral 
and an elliptical galaxy. 

The radio galaxy NGC 4486 is definitely a solitary object, so that there 
can be no question of galaxies in collision. This galaxy, however, has a 
unique feature, a bright prominence’ 20' long and 2" wide in the nuclear 
region. The prominence has a continuous spectrum, without any absorption 
or emission lines, which fits the radiation of relativistic electrons moving 
in magnetic fields. Shklovskii suggests that the bright prominence and the 
powerful radio emission of NGC 4486 are the result of intragalactic 
collisions between large masses of interstellar gas. These gas aggregates 
(a kind of globular clusters, but containing interstellar gas) are observed 
in large numbers in NGC 4486. 

Ambartsumyan has developed a different approach to the entire problem 
of radio galaxies (1956). He notes that whereas the total area of the radio 
source in Cygnus A is about 2'X 1', the separation between the optical 
nuclei of the two galaxies is about two seconds of arc. Inthiscase, following 
the hypothesis of Baade and Minkowski, it would seem that the galaxies are 
almost in head-on collision. Offside collisions, however, should be much 
more frequent, and in principle they should lead to the same effects, though 
of lower intensity. Therefore, if Cygnus A are galaxies in collision, 
there should be an additional large number of similar objects of lower 
relative radio brightness, including some nearer objects with higher 
absolute radio intensity. There are, however, no such known objects. 
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Assuming the collision hypothesis, NGC 5128 must be regarded as a case of 
head-on collision, a highly improbable event. Ambartsumyan maintains 
that radio galaxies are the result of fission of a parent object into two 
fragments, two receding galaxies. The fission is accompanied by various 
processes which emit high-intensity radio waves. The closeness of the 
components in double radio galaxies is naturally explained by the fission 
hypothesis. It should be noted, however, that we are not familiar with any 
analogs of this tremendous fission process, and therefore the actual 
mechanism of fission and the attendant effects are still a subject of pure 
conjecture. According to Ambartsumyan, the prominence in NGC 4486 is 
also a result of fission in the nuclear region of this galaxy. An additional 
argument in favor of Ambartsumyan's hypothesis is that ail the radio 
galaxies are supergiants in terms of optical luminosity. If fission should 
occur, then naturally we expect it to occur in supergiant objects. Within the 
framework of the collision hypothesis, on the other hand, we have to assume 
that the luminosity of galaxies increases during collision, because of the 
interaction between stars and diffuse matter, say. 

Ambartsumyan's interpretation of radio galaxies is closely linked with 
his approach to the problem of multiple galaxies, discussed in § 189. 

To conclude our discussion of radio galaxies, note that the identified 
radio galaxies are indeed peculiar optical objects. There are, however, 
similar peculiar optical objects without any signs of intense radio emission. 
Examples of such objects were cited by Vorontsov-Vel'yaminov and 
Vaucouleurs. This introduces an additional element of doubt into the appli- 
cability of the collision hypothesis to radio galaxies. It is incompatible 
with the fission hypothesis either. 

In 1953 Brown and Hazard tried to detect the radio emission from 
clusters of galaxies situated at distances over which the radio emission 
of solitary normal galaxies is definitely undetectable. They recorded the 
radio emission of the clusters in Perseus and Ursa Major, and in both cases 
it was found to be stronger than expected from the total number of 
galaxies in the cluster (assuming normal galaxies). The authors thus 
concluded that these clusters contain radio galaxies, as well as normal 
galaxies. There are certain indications that NGC 1275 in the Perseus 
cluster is indeed a radio galaxy. 

Of considerable interest is the frequency of the radio magnitudes of the 
known radio sources. The arbitrary constant / in the expression 


m,=k—2.5\g¢ H, (82) 


where # is the flux density in waftt- m ? Hz77, was chosen so that the number 
of objects up to a given radio magnitude was comparable with the number of 
optical objects (stars) up to the corresponding apparent magnitude. In this 
system of radio magnitudes the parameters are clearly different from those 
used in system (80). 

Kraus (1955) published a table (Table 20) of the number of radio sources 
up to a given radio magnitude, based on the findings of a number of authors. 
For comparison, the last column gives the number N(m) of optical objects 
(stars) up to given magnitude m. 

We see that first the N(m) of radio sources increases more slowly than 
that of the optical objects, but eventually the results correspond toa 


: : : . : N(m+-1 . 
uniform distribution in space with aa = 3.98. It thus seems that radio 
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sources are distributed relatively uniformly in space and their detection 
is independent of absorption. The slow increase in N(m) for m< 2 seems 
to indicate that galactic objects prevail among the bright radio sources, 
while most of the weak radio sources are extragalactic objects. 


TABLE 20 
N (mys) 
N (mp) 
Ma gnitudes Kraus, Ko Bolton, Ryle, Duncan 
* "| Stanley, and Mills Smith, and (1926) 
and Matt 
(1954) Slee (1952) Elsmore 
(1954) (1950) 
1 7 5) 
2 & 6 
3 35 15 
4 163 81 
5 1000+ 250 _- 
6 _— — 
Balance 44 23 


The radio source counts carried out by Kraus, Ko, and Matt covered 
about 2/3 of the entire sky area. The number of radio sources up to 5th 
radio mag. can therefore be estimated at 1500. 

§ 193. The Metagalaxy. The structure of the Universe. Like stars 
which collect into star clusters and star clouds, galaxies also occur in 
clusters and clouds. For stars, however, there are higher-order 
formations — star systems or galaxies, which differ from star clusters 
and clouds in their greater autonomy, closure, and independence of 
exterior objects (note that this property is also characteristic of globular 
clusters, which can be treated as miniature galaxies), It is for this reason 
that galaxies, and not star clusters and star clouds, are regarded as the 
next higher formation in the Universe after stars. The existence of star 
systems led to the idea of a gigantic system of galaxies possessing greater 
autonomy that the observed clusters and clouds of galaxies. This system by 
definition combines all the observed galaxies and is in a way the equivalent 
of a galaxy for stars on a much higher level. This hypothetical system of 
galaxies is called the Metagalaxy. It is assumed that the entire observable 
part of the Universe is the interior of the Metagalaxy. At present we 
simply have no methods for identifying extrametagalactic objects, even if 
such are observed. 

The hypothetical part in the concept of the Metagalaxy is not the existence 
of a gigantic system of galaxies, which includes our Galaxy (a suitable 
realistic example is provided by Vaucouleurs's supersystem) but its great 
autonomy, without which it clearly cannot be treated as a new level in the 
structure of the Universe. 

Some authors actually tried to investigate the properties of the 
Metagalaxy. Oneofthese properties is the expansion of the Metagalaxy, as 
is evident from the red shift in the spectra of the galaxies. Rubin (1951) 
using the radial velocities of 70 galaxies and Ogorodnikov (1952) using those 
of 105 galaxies tried to determine the rotation parametes of the Metagalaxy 
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(the coordinates of the metagalactic pole). The results of the two authors 
are contradictory, which is either the result of insufficient material or is 
due to the fact that the observed galaxies are not members of a single 
rotating system. 

The available data on the structure of the observable part of the 
Universe lead to the following two alternatives for the infinite expanses of 
the Universe: a) the Universe is made up of clusters of galaxies on various 
seales, which are distributed fairly uniformly, with natural fluctuations; 
b) the Universe is inherently hierarchic: each (relatively autonomous) 
system of n-th order is made up of a great number of systems of (n—1)-th 
order, and 7 is unlimited. 

Alternative a gave rise to definite objections back in 19th century, which 
are known as Olbers's and Seeliger's paradoxes. 

Olbers's paradox, or the photometric paradox, maintains that if we 
assume a uniform distribution of any kind of objects in an infinite Universe 
(allowing any distribution density), the surface brightness of the sky will 
not be less than the surface brightness of these objects. Indeed, let e@ be 
the density of the particular type of objects in space, s the cross sectional 
area of these objects. The total solid angle occupied by all the objects 
then gives a divergent integral: 


\ x e-4nr* dr = dase dr= oo, (83) 
i) 0 


This shows that the objects inevitably overlap (an infinity of times), and 
therefore the resulting surface brightness of the sky should be equal to the 
surface brightness of these objects. 

If we now assume that the uniformly distributed objects contain stars 
and pick out a single star in each object, we see that the stars are also 
uniformly distributed in the infinite space and the surface brightness of the 
sky should therefore be at least the surface brightness of stars, clearly a 
fantastic conclusion. 

Seeliger's paradox, or the gravitational paradox, is essentially the 
same, although it refers to the gravitational forces applied to some point 
mass by the uniformly distributed objects. The resultant attraction vector 
is the infinite sum 


Gm, Gm, 


Ri ky + R3 Kg... + 


= keto. (84) 
where 4, is the :-th unit vector. 

The main question now is whether series (84) converges or civerges. 
If the series is divergent, the applied force is infinite and we should 
observe infinite accelerations, which is of course not true. 

The photometric and the gravitational paradoxes were discussed by 
numerous authors. Currently they can be resolved without much difficulty. 

The gravitational paradox is resolved if we remember that the sum in 
(84) isa geometrical sum, so that the summation of the series does not 
lead to an expression of the form (83), which is the result of arithmetic 
summation. If a certain class of objects are uniformly distributed in 
infinite space, with only natural fluctuations, the resultant attraction due 
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to these objects is a random variable dependent on the natural fluctuations. 
The corresponding distribution function was derived by Holtsmark* (who 
incidentally solved the problem for electric fields, which in our context are 
entirely equivalent to gravitational fields): 


és ax9/s 


eh) = ( a FPA sain paz, (85) 
0 


where a =(4/15)(2nGM)*.9, mis the mass of one object, gis the average 
number of objects in unit volume. 
It can be shown that for F—>c, Eq. (85) behaves as the function 


§ 
9(F)=—=- VY ar 2. (86) 


The probability of extremely large forces is thus zero. This completely 
resolves the gravitational paradox. 

The photometric paradox is resolved using cosmogonic arguments. If we 
remember that the density of matter is finite everywhere in the Universe, 
no radiation process will go on indefinitely (whatever the actual radiation 
mechanism). 

Therefore, assuming that the radiation reaching the Earth is made up 
of contributions from all the volume elements of the infinite space, we in 
fact maintain that a volume element distant 7 light years from the Earth 
was in a radiating state J years ago. This conclusion, however, is 
inadmissible, seeing that space is infinite. 

Hypothesis b of universal hierarchy was developed by Charlier (1908) 
in order to avoid the photometric and the gravitational paradoxes. 

As we have seen, these paradoxes can also be resolved assuming an 
infinite Universe uniformly populated with objects of any order. 

The significance of the hierarchy hypothesis is therefore not that it 
resolves the photometric and gravitational paradoxes, but that this 
hypothesis is based on the cumulative experience of science: observations 
indicate that any assembly of objects combine to give a higher-order object 
with new qualitative properties, which apart from the objects under 
consideration also includes objects of other types as its constituent 
elements. 
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magnitude effect 390 
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motion 502 
Absorption coefficient 468, 469 
function 469 
Antapex 507 
Apex 506, 507, 511 
Apparent density function 472 
sphericity 653 
stellar magnitude 1 
Associations, stellar 247, 441, 612 
Asymmetry of stellar motions 525 
Atmospheres, cepheids 170 ff 
RV Tau stars 229 
stellar 253, 332, 357 ff, 425 ff 
chemical composition 366 


Binaries 27, 44, 51, 55ff. 248 249 
evolution 1393 ff 
masses 69 
models 94 ff, 118, 119, 122 
photometric 55, 93 ff 
spectroscopic 55, 84ff, 425 
visual (astrometric) 55, 56 ff 

Binary encounters 577 ff 

Bolometric correction 7 
luminosity 3 

Boltzmann equation 553 

Bright nebulae 293 

Brightness, absolute 2 
distribution over the disk 339 

Broadening of spectral lines 369 


Carbon stars 245 

Cataclysmie stars 145 

Catalogue of variable stars 142 

Centroid 518 

Cepheids 51, 144, 659 
distribution over the sky 188 
dwarf 211 
extragalactic 210, 217 
frequency of periods 189 
in globular clusters 210 
in Magellanic Clouds 210, 215 
long-period 144, 148, 188 ff 


SUBJECT INDEX 


Cepheids, long-period, Population [ 177, 182, 188 
Population I1 177, 182, 188 
motion 190 
perlod —density relation 192 
— luminosity relation 193 
— spectrum relation 191 
Population [ stars 188, 214 
Population II stars 188, 214 
pulsation theory 205 
short-period (also see RR Lyrae stars) 144, 173, 
188ff, 619 
Population 1177, 188 
Population If 177, 188 
spatial density 18R 
Circular orbits of stars 566 
Classification of binaries 55 
of close pairs 129 ff 
of clusters of galaxies 687 
Herzog. Wiide and Zwicky’s catalogue 693 
of eclipsing binaries 51 
of galaxies, Hubble 631 
Morgan 650 
Vaucouleurs 637 
of globular clusters, Shapley's 617 
of long-period variables 219 
of nebulae 295 
of novae 257 
of nova light curves 260 
of open clusters, Markaryan's 606 
Trumpler’s 604 
of planetary nebulae 295 
of spectra of typical novae 264 
of variables 143 
spectral 32ff, 39ff, 387 
Clouds of clusters of galaxies 687 
of galaxies 687 , 
Clusters, globular 196, 549 
of galaxies 687, 693 
compact 693 
in Coma Berenices 688 ff, 695 
in Virgo 690 
Masses 693 
open 693 
radio sources 700 
regular 687 
semicompact 693 
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Clusters, open 79, 549 Emden equation 622 


Coal sacks 325, 327, 477 Emission bands 425 

Coherent scattering 359 lines, intensity 430 

Collision of galaxies 319, 699 profiles 427 ff 

Color excess 20, 470 Envelopes of long-period variables 225 
— luminosity diagram 448 of stars, ejection 266, 268 

Colorimetric systems 16 Equator, galactic 443, 488 

Colors, stellar 14 ff Equilibrium of stellar photospheres 332 

Coma Berenices cluster 688 ff, 695 Evolution of stars 133 ff 

Compact clusters of galaxies 693 of stellar systems 594, 596 

Contact systems 51 Evolutionary sequence, of rotating systems 596 

Continuous emission 247 Expansion of space 655, 701 

Coordinates, galactic 443 Extended stellar envelopes 254 

Crab Nebula 288, 290, 319, 422 Extragalactic distances 645, 659 

Critical velocity of a star, mean 574 Baade scale 661, 662 

Cumulative errors 151 Hubble scale 660 


Sandage scale 662 


Dark companions 71 


Differential line shifts in cepheid spectra 167 Filamental nebulae 304, 314 
rotation of a star system 531 Fission of galaxies 700 
Diffuse interstellar matter 292 ff Flares, stellar 146, 270, 284 
nebulae 247, 302ff, 392, 414, 479 Fluctuation theory 481, 482 
Dilution coefficienr 393 Fluorescence of stellar envelopes 224 
Disk component of the Galaxy 188 Forbidden lines in nebular spectra 407 
Dissipation of stellar systems 590 Fundamental equation of stellar dynamics 552, 555, 560 
Distance modulus 445 plane 576 
Distances, extragalactic 645, 659 
Distribution, ellipsoidal 520 Galactic arms 205, 317 
Maxwellian 519 center 487, 536 
of flattening of galaxies 652 circle 443 
of galactic types 651 clusters 601 
of galaxies 678 component, disk 188, 490 
of residual velocities 567, 585, 597 halo 188, 490, 491 
Doppler effect 655 intermediate 489, 490 
Double galaxies 683 concentration 443 
masses 686 coordinates 443 
stars, see Binaries density 443 
Dual periodicity in variables 141 diameter 646 
Dust nebulae 292, 320ff equator 443, 488 
bright 328 latitude 444 
dark 325 longitude 444 
Dwarf cepheids 211 nebulae 293 
Dwarfs 248, 283, 366, 371, 390, 441 nucleus 631 
red 447 mass 667 
white 243, 447 rotation 663 
Dynamic definition of a stellar system 596 spiral galaxies 649 
orbital elements in a binary 63 plane 443 
parallaxes of binaries 27, 70 poles 444 
subsystems 489 
Eclipsing binaries, see Photometric binaries Galaxies 631 ff 
classification 51 clouds 687 


of clusters 687 


Effective temperature 342 
clusters, see Clusters of galaxies 


wavelength 8 


Ejections from stars 127, 169, 234, 266, 268, 299, collision 319, 699 
814, 330, 435, 441 distribution 678 

Ellipsoidal velocity distribution 520 groups 687, 691 

Elliptical galaxies 631, 633, 637 irregular 631, 637 
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Galaxies, masses 667 
lenticular 637 
multiple 683 
normal 697 
regular 631 
ring-shaped 637 
spiral 317 
Galaxy 443 
boundary 488 
center 487, 536 
radio observations 492 
rotation 529, 538 
spiral structure 491 
structure 486 
subsystems 489 
total number of stars 459 
Gaseous envelope of a star 267 
nebulae 293ff, 392 
bright 302 
ring around stars 252 
Giants 143, 283, 390. 447 
Globular clusters 189, 196, 214, 4&0, 549, 551, 
601, 615 ff 
Globules 292, 327 
Gravitational acceleration on star surface 150, 329 
field of a stellar system 549 
paradox 702 
Group parallaxes of stars 27, 612 


Halo subsystem 188 

Hertzsprung —Russell diagram 447 

Hierarchic structure of the Universe. hypothesis 703 
Hl and HIl regions 315 

Holmberg's criterion for multiple systems 623 
Hubble constant 640, 655, 658, 661 

Hubble's law 655 

Hyades 612 

Hydrodynamic equations for stellar systems 558 
Hydrogen, interstellar 317, 492, 538 


Incoherent scattering of light 383 
Integral apparent magnitude function 455 
Integrated luminosity 3 
Intermediate spirals 632 
Interstellar absorption 18, 310, 320, 468 
dust 320 ff 
gas 303, 310, 317, 492, 538 
Tonization in nebulae 400 
Irregular field of a system 549 
forces 549, 575 
galaxies 631 
variables 143, 231 
Isophotic wavelength 8 


K effect 514 

Kapteyn's selected areas 515 
star streams 519, 520 

Kirchhoff — Planck law 343 


Latitude, galactic 444 
Lenticulars 637 
Light curve 93 
cepheids 148, 173 
novae 259 
reflected 97 
RR Lyrae stars 173 
standard 149, 150 
Limb darkening 103 
Line intensities in RR Lyrae stars 180 
intensity curve of long-period cepheids 168 
of RR Lyrae stars 180 
of nodes in a binary system 63 
Liouville theorem 553 
Local Group 496, 691 
Supersystem 691 
Longitude. galactic 444 
Long-period cepheids 148, 188 ff 
variables 144, 219, 439 
Population 1177, 182, 188 
Population 11 176, 182, 188 
Luminosity, blackbody 4 
classes 35 
function 453 
of galaxies 641, 644 
integrated (bolometric) 3 
nebula 392 
stellar 143, 445 


Magellanic Clouds 189, 190, 196, 210, 215, 275, 
279, 305, 319, 671 
Magnetic fields in stars 254 
variables (a? CVn) 235 
Main sequence 446, 522, 603 
Masses of binaries 69 
of double galaxies 686 
galaxies 667 
in clusters 693 
nebulae 413 ff 
Novae 272 
stellar 44 ff 
Mass —luminosity diagram 451 
Maxwell's distribution 519 
Metagalaxy 655, 680, 701 
expansion 655, 701 
Metastable states 407 


Method. Airy-Koval'skii (determination of Sun motion): 


512 

Irvin (determination of orbits of spectroscopic 
binaries) 90 

Lehmann-Filhes (determination of orbits of 
spectroscopic binaries) 88 


Mlodzeevskii (determination of orbits of binaries) 


63 


Oort —Vashakidze (star density determination) 474 


Schwarzschild (determination of orbits of 
spectroscopic binaries) 90 
Thiele — Innes (of orbits of visual binaries) 66 
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Monochromatic radiative equilibrium 359 
Moving clusters 610 
Multiple galaxies 683 

stars 55ff, 77, 549 

systems, Holmberg’s criterion 683 


Nebulae, dark 292, 475 
diffuse 247, 302, 392, 478 
™masses 414 
dust 292, 320 ff 
bright 292, 328 
dark 325 
galactic 293 
gaseous 293ff, 392 
planetary 293ff, 317, 392, 399 
masses 413 
radiation pressure 415 
Nebular lines 392, 398 
part of emission spectrum 239 
spectrograph 303 
stage of a typical nova 264 
Nebulium 392, 399 
Neutral hydrogen 538 
Novae 145, 238, 257 ff 
in extragalactic nebulae 275 ff 
light curves 259, 260 
masses 272 
permanent 258 
reasons for eruption 284 
recurrent 257, 258 
spectral stages 262 
typical 257, 262 
Nova-like stars 238, 257, 278 
Nonestable stars 127 
Nonstationary state of a star system 551 
Nucleus of the Galaxy 492 
of planetary nebulae 295, 299, 300, 392, 
437 


O-associations 612, 613 
Olbers paradox 681, 702 
Oort coefficients 534, 566 
Open clusters 549, GO1 
moving G10 
of galaxies 693 
star clusters 79, 601 
Optical depth 324 
Optical thickness 469 
Orbits, spectroscopic binaries 84 ff 
visual binaries 62 


Parallax 25 ff 
average annual 510 
secular 508 
dynamic 70 
group 612 
spectroscopic 391 


Peculiar spectrum 699 
stellar motion 502 
Period—luminosity curve 660 
of a variable 141 
Permanent novae 258 
Phase effect 124 
Photoelectric colorimetric systems 16 
Photometric binaries 28, 44, 51, 93ff 
paradox 681, 702 
Photosphere, stellar 332 
Planetary nebulae 276, 293, 294, 317, 392, 399 
masses 413 
nucleus 295, 299, 300, 392, 437 
star-like 295 
Pleiades 449, 603, 606, 612 
Population [stars 188, 214, 450, 489, 603, 618, 674 
Population II stars 188, 214, 489, 618, 697 
Principal nebular lines 392 
Proper motion of stars 517, 529 
Pulsation theory 205, 226 
Pulsations of cepheid 207 


Quasistationary state of stellar system 551, 597 


Radial velocities of stars 500, 517, 529 
velocity curve 229 
long~period cepheids 160 
RR Lyrae stars 178 
Radiant equilibrium of stellar photospheres 332 
of a cluster 610 
Radiation flux 2, 20, 445 
pressure in nebulae 415 
Radiative equilibrium, monochromatic 359 
Radioastronomic methods 220, 290, 317, 318, 674, 
692, 696 
Radio brightness, relative 697 
galaxies 696, 697, 698 
magnitude of a source 696 
nebulae 290, 291, 697 
Radius, stellar 6 
Recurrent novae 145, 257, 258 
Red semi-regular variables 144, 230 
shift 47, 655, 701 
Reflected light curve 97 
Regular field 549 
forces 549 
variables 143 
Relaxation time 584, 598 
Residual velocity distribution function 567, 585, 597 
Ring-shaped galaxies 637 
Rosseland theorem 396 
Rotation, galaxies 663 
Galaxy 529, 538 
stars 971, 544 
RR Lyrae stars 173. 188ff, 212 
Population I 177, 188 
Population II 177, 188 
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Schwarzschild —Schuster model of stellar envelopes Stars, variable, see Varfables 


357, 37B with extended atmospheres 254 
Seeliger paradox 702 with variable bright lines 254 
theorem 455 Wolf—Rayet 368, 425, 433, 435 ff 
Selective absorption 469 Statlonary state of star system 551, 596 
coefficient 20, 469, 470 Stellar associations 247, 441, 612 
Semiregular variables 143, 227, 230 atmospheres 253, 332, 357 ff, 425 ff 
Sequence, globular clusters 618 chemical composition 366 
main 446, 522, 603 diameter 6 
white-blue 276, 447 dynamics 549 ff 
Spatial velocity of stars 499, 505, 525 fundamental equation 551, 555, 560 
Spectral lines, broadening 369 evolution 133 ff 
sequence, stars 387 magnitude, apparent 1 
stages of novae 262 motion, absolute 502 
types of stars 32 ff, 39ff, 445 peculiar 502 
Spectroscopic binaries 55, @4ff, 425 Proper 502, 517, 529 
parallaxes 29, 391 rotational 544 
variables 232, 251 ff photospheres 332, 357 ff 
Spectrum —luminosity diagram 445 equilibrium 332 
nebular, continuous 419 Population I 188, 214, 450, 489, 603, 618, 674 
—spin diagram 544, 545 Population II 188, 214, 489, 618, 697 
typical novae 262 statistics, first equation 465 ff 
variation curve. long-period cepheids 180 second equation 466 
RR Lyrae stars 176 Stokes operator 553 
Sphericity, apparent 653 Stratification of radiation 104 
Spiral arms. coiling hypothesis 666 Subdwarfs 131, 138, 447 
galaxies 317, 631, 632 Subgiants 44, 50, 51, 130, 137, 2R2, 447 
barred 633 Sun, position in the Galaxy 4&8, 49], 536 
galaxy in Andromeda 675 Supergiants 203, 281, 283, 351, 365, 371 
structure of the Galaxy 491 Supernovae 1, 145, 257, 285 ff 
Stability of star clusters 625 ff type I 286 
Standard light curves of cepheids 149, 150 type II 286 
Star clusters 595ff, 610 Supersystem of galaxies 691, 692 
globular 601, 615 ff Surface acceleration curve, cepheids 165 
moving 610 long-period cepheids 180 
open 601 T-associations 247, 441, 615 
stability 625 ff Temperatures, cepheids 171 
density function 463, 472 nebulae 411 
motion, absolure 502 stellar 387 ff, 396, 438, 439 
asymmetry 525 effective 343 
systems 549 Thermodynamle equilibrium, local 341 
Stark effect 369 Tidal deformation of galaxies 685 
Stars, Algol-type 93, 129, 130, 131 Trapeziums 79 
Be 145, 426, 433, 434 Trigunometric parallax 25 
binary, see Binaries Triple stars 77 
double, see Binaries True density function 472 
late-type, with bright lines 439 Turbulence in cepheid atmospheres 171 
novae, See Novae In interstellar dust 326 
nova-like, See Nova-tlike stars in nebulae 306 
P Cygni 279, 425, 433 Two-stream theory, Kapteyn's 519 
rotation 371, 544 
RR Lyrae (see also RR Lyrae stars) 1793 Variable magnetic fields in stars 254 
semiregular, red 144 Variables 490 
yellow 144 Algol-type 93 
Trapezium-type 79 & Cep, see Cepheids 
UV Ceti 249 8CMa 184 
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Variables, designation 142 Variables, Z And (nova-like) 145, 238, 439 


eclipsing, see Photometric variables Z Cam 145, 244 
irregular 143, 232 a? CVn 145, 235 
late-type 144 Velocity, centroid 517, 518 
long-period 144, 219, 439 distribution function 560 
low-luminosity 143 rotational, apparent 544 
magnetic, a*CVn 235 true 544 
nova-like 238, 257, 278, 282 stellar, critical 574, 590 
physical 139 peculiar 519 
pulsating 217 radial 500, 517 
RCrB 146, 244 residual 517, 518 
regular 143 spatial 499, 505, 525 
RV Tau 144, 227 Vertex 519 
RW Aur 146, 246 Virgo cluster 690 
semiregular 143, 227 Virial theorem 572 
late-type 144 Visual binaries 56 ff 
red 230 orbits 62 
yellow 230 wide pairs 75 
spectroscopic 232, 251 ff 
T Tau 246, 441 White dwarfs 243 
U Gem 145, 241 -blue sequence 276 
UV Cet 146 Wide pairs 74 
W Vir 177, 182 Wolf diagram 476 
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